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COMPUTER PROGRAMS FOR PRESSURIZATION (RAMP) AND PRESSURIZED 

EXPULSION FROM A CRYOGENIC LIQUID PROPELLANT TANK 

by Philip A. Masters  

Lewis Research C e n t e r  

SUMMARY 

An analysis to predict the pressurant gas requirements for the discharge of cryo- 
genic liquid propellants from storage tanks i s  presented, along with an algorithm and two 
computer programs. One program deals with the pressurization (ramp) phase of bring- 
ing the propellant tank up to its operating pressure. The other program deals with the 
expulsion of the liquid at a uniform pressure. The method of analysis involves a numer- 
ical solution of the temperature and velocity functions for the tank ullage at a discrete 
set of points in time and space. The input requirements of the program are the initial 
ullage conditions, the initial temperature and pressure of the pressurant gas, and the 
time for the expulsion or the ramp. Computations are performed which determine the 
heat transfer between the ullage gas and the tank wall. Heat transfer to the liquid inter- 
face and to the hardware components may be included in the analysis. The program out- 
put includes predictions of the mass of pressurant required, the total energy transfer,  
and the wall and ullage temperatures. 

FORTRAN IV program listings are presented in this report. Sample cases are included 
to illustrate the use of the programs. 

The analysis, the algorithm, a complete description of input and output, and the 

INTRODUCTION 

Planning for space vehicle and mission requirements necessitates continuing opti- 
mization of propellant tank pressurization systems. This optimization is realized in an 
accurate determination of pressurant requirements for any given set of operating param - 
eters ,  such a s  tank pressure, inlet gas temperature, liquid olitflow rate, and tank size. 
This knowledge will allow the design of a system that carr ies  only the weight (pressurant 
gas and associated tankage) necessary to accomplish the mission. 



The analysis in reference 1,  which is the basis for this report ,  provides a selected 
set  of simplifying assumptions to predict the quantity of pressurant gas required during 
the pressurized discharge of liquid hydrogen. Evaluations of pressurant gas injectors 
based on this work a re  made in reference 2. These evaluations deal with small-scale 
tests made in a 0.82-cubic-meter (29-ft ) cylindrical tank. The reference 1 analysis 
proved to be adequate (within A 0  percent) in predicting the pressurant gas requirements 
even though two of i ts  major assumptions were shown to be invalid - namely, no heat 
transfer to the liquid surface and no mass transfer. 

The purpose of this report is to revise and extend the analysis of reference 1 to in- 
clude the energy transfer occurring at the gas-liquid interface in tanks of any arbitrary 
symmetric shape. The analysis was also modified and extended to cover the initial p res -  
surization (ramp) period. The major limiting assumptions still remaining from the orig- 
inal analysis are one-dimensional flow and the exclusion of mass  transfer. 

The algorithm developed in the analysis employs numerical solutions to the gas tem- 
perature and velocity functions for the tank ullage at a discrete set of points (in space and 
time) called net points. Two separate computer programs, coded in FORTRAN IV, are 
given (each based on the use of a single-component pressurant): one for the pressurized 
expulsion of a cryogenic (single component) liquid from an axisymmetric storage tank, 
and the second for the pressurization (ramp) period which may precede an expulsion. 
The programs are used independently, although they may be coupled together to predict 
pressurant gas requirements as well as the ullage gas temperature distribution and the 
adjacent tank wall  temperature distribution for the entire pressurization cycle. 

an analysis, the use of the analytical programs does not necessitate that experimental 
data derived from prototype systems be available. 

The validity of the analysis presented herein has been verified in references 3 to 6 
for 1.5- and 4-meter (5- and 13-ft) diameter spherical tanks using either gaseous hy- 
drogen or helium as  the pressurant over a range of inlet temperatures, tank pressures,  
and outflow rates.  The predicted pressurant requirements for the expulsion period, for 
all cases, were 7.0 to 12.4 percent of the measured (experimental) values. The pre- 
dictions for the ramp phase were *O. 5 to 4 6 . 0  percent of the measured values. 

FORTRAN IV listing are given in this report. Sample cases are included to illustrate 
the use of the programs. 
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Although prior knowledge of the operating conditions for a fluid system is needed for 

The analysis, the algorithm, a complete description of input and output, and the 

ANALYSIS 

The general method of analysis is developed in reference 1 and briefly summarized 
here. The general analytical model is shown in figure 1. It is based on an application of 
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the first law of thermodynamics to the fluids and materials within a cryogenic-liquid 
storage tank which has the pressure history shown in figure 2. The first law is repre- 
sented by a general energy equation which is coupled with a transformed, one- 
dimensional equation of continuity. Substitutions involving the equation of state and the 
equation of heat transfer are made to effect the transformation. 

uid propellant tank is divided into a set of volume elements. This is done by establishing 
a series of equally spaced net points along the vertical axis of the tank to the liquid inter- 
face. In each volume element, convective heat transfer from (1) gas to wall, (2) gas to 
liquid, and (3) gas to internal hardware is treated in a steady-state manner by an equa- 
tion which expresses gas temperature as a function of velocity and position. 

The analysis treats the ullage as a single-component gas. For the ramp program, 
the ullage pressure is made functionally dependent on a discrete set of pressure-against- 
time coordinates which is submitted as part of the input data. The initial set of net 
points remains fixed throughout the ramp period and the hold period which may follow. 
For an expulsion, liquid propellant is expelled, as  pressurant gas is added, to maintain 
the pressure within set limits in the ullage. A new net point is added to the ullage for 
each time increment necessary to advance the liquid interface as the liquid is discharged. 

point, initial and boundary conditions are specified. These conditions are described fully 
in the section INPUT-OUTPUT REQUIREMENTS. 

account for both arbitrary symmetric tank shapes and internal tank heat sinks may be 
written as 

In the analytical model shown in figure 1, the ullage volume in a partially filled liq- 

To determine a unique solution to the velocity and temperature functions at each net 

The form of the energy equation used in the analysis in reference 1 and modified to 

(1) aT - 2hc ZRT (TW - T) [‘+r$Y] - & + - QH QL +-+- RTZi ap 
1/2 

aX JSPCp  at VpCp VpCp -- 
a t  r@PCp 

where 

TW temperature of tank wall 

% heat -transfer rate to internal hardware 

QL 
(All symbols are defined in appendix A . )  

By a substitution involving the equation of state, the one-dimensional equation of 
continuity is transformed into a functional relation involving the velocity of the ullage gas 
as a function of temperature and position. For the one-dimensional expression of 
continuity, 

heat -transfer rate at liquid interface 
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a (pVA) + - a (PA) = 0 
ax at 

The substitution A = m2 is made, where r is the position radius at location x along 
the vertical axis. The expression for density from the equation of state p = n P / Z R T  is 
also substituted: 

(3) 

The following velocity equation is obtained after performing the partial differentiation 
and after rearranging terms: 

(4) 
r ax 

Each of the bracketed terms may be simplified by differentiating the equation of state 
while holding the pressure constant and again while holding the temperature constant. 

Z 1  = Z + T (g)p 
z2 = z - P 

When the expressions for Z1 and Z 2  a r e  substituted into equation (4), 

where the final term on the right is the contribution of the tank curvature. 
The heat-transfer equation at a point in the tank wall can be written 

where qw is the rate of heat addition per unit area to the tank wall from outside the 
tank. 
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The equations contained in the analysis a r e  too complex for a closed-form solution. 
The numerical method used here and described in the algorithm is brought about by ap- 
proximating the differential equations by algebraic equations. For example, the pre-  
ceding equation is approximated by 

where the prime refers  to the new value of the variable. Solving the equation for T' 
gives 

W , j  

where the quantities marked with the asterisk may be evaluated at the beginning or the 
end of the time interval. The subsequent algorithms will proceed to  show the transfor- 
mation resulting when T' 
mation of equation (1). The solution of the resulting transformed equation is coupled to 
the algebraic approximation of equation (7), and the solution techniques a re  described. 

There a re  two parts to the algorithm in each computer program. The preliminary 
part deals with input data and problem definition. The main computation part is con- 
cerned with the determination of the amount of pressurant gas added during the expulsion 
or pressurization period. 

The region of the distance-time plane in which the solution is carried out is defined 
by a set of net points equally spaced along the vertical axis. The entire set of net points 
is based on an assumed value of a specified number in the initial ullage. From experi- 
ence, an assigned number of 5 to 6 net points per decimeter (15 to 20 net points/ft) of 
ullage is satisfactory for nearly all situations and generally provides the desired accu- 
racy for a reasonable computer execution time. Too many net points in the initial ullage 
may result in using all the available storage for the variables before the expulsion is 
completed. 

from equation (10) is substituted into the algebraic approxi- W ,  j 
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CALCULATION PROCEDURE 

Expulsion Algorithm 

A step-by-step description of the basic calculation procedure is given here. Steps 1 
to 6 refer to the program listing shown in appendix B under PRELIMINARY COMPUTA- 
TION. For the solution to proceed, a set  of boundary and initial conditions is required. 
These conditions a re  specified in the section INPUT -OUTPUT REQUIREMENTS. 
to 17 describe the main computation and the results. Figure 3 gives a logic diagram for 
the expulsion algorithm. A listing of the expulsion program is given in appendix B. 

Steps 7 

Step 1: make units conversion, make geometry calculations, and interpolate initial 
wall and gas temperatures and specific heats. - The program is structured so that, at 
the user's option, the input data a re  printed out in SI units or in U. S. customary units. 
First-value parameters a re  set equal to zero, and values for the constants are computed. 
The space between the points is established by setting the initial number of net points for 
the designated initial ullage. 

Step 1A begins with a logic statement which provides three basic options to the pro- 
gram user. For a cylindrical tank, the radius is specified. Under this option the pro- 
gram solution is based on a tank with hemispherical end sections joined to the cylindrical 
midsection, as would be specified in the input data. If the end sections a r e  not hem- 
ispherical, the radius is set equal to zero. Input coordinate values a re  specified (see 
Group I1 data in section INPUT-OUTPUT REQUIREMENTS), and the program interpolates 
the radius for  each volume element. The same procedure is followed for spheroidal 
tanks; however, for a spherical tank, the tank radius is set equal to -1 and the coordi- 
nates for each volume element are determined from the tank diameter specified in the 
input (group I data). 

Figure 1 establishes the program model and the tank configuration on a set of co- 
ordinate axes. The total number of points selected for the ullage is part of the input 
data. Although each point is located at the center of its element, each variable asso- 
ciated with the point is representative of the entire element. The distance separating the 
points, once fixed at the start, remains constant for all points throughout the run time. 
The first boundary point is at the top of the tank, where x = 0. The other boundary point 
is at the liquid-vapor interface, and each boundary element is one-half the thickness of 
the other elements. For an expulsion the interface is advanced one point for each time 
step, which is determined by the propellant discharge rate ,  

dt = dx - 
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For a spherical tank, the radius and flow area for each volume element at the 
point j a r e  

The tank weight for the configuration is approximated by the  relation 

The wall thickness Zw is evaluated by the interpolation subroutine from the discrete 
values of wall thickness as a function of distance from the top of the tank. 

the specific heat for each net point in the initial ullage are defined based on a linear inter- 
polation of the input data in step 1C. 

erties at the mean of the gas and wall temperatures for each net point a r e  computed and 
the free -convection correlation 

At the initial time (t = to) the gas temperatures and the wall temperatures as well as 

Step 2: compute initial values of heat-transfer coefficients. - Gas transport prop- 

k m hc = - n(GrPr) 
T 

(15) 
L 

is employed to evaluate the heat-transfer coefficient at the point. Program options allow 
for input of multiplier n and exponent m. The effect of the flow length L is canceled 
when the default value of 1/3 is used for the exponent since the length L is raised to the 
third power in the Grashof parameter. The pressurant gas properties are included for 
the subroutines where the computation is made; however, the coefficient h may be 
specified as a constant for an entire run. 

Step 3: compute initial values of qw, Q (internal hardware), P, and AP/At.  - 
The outside-wall heating rate,  the inside-hardware heating rate,  the tank pressure, and 
its first time derivative a r e  initialized. Typical values in references 3 to 6 are 

subsequent option under step 9 is provided in which the energy transferred to the internal 
tank hardware is computed. The hardware component temperatures a re  initialized here 
if the option is taken. If the option is not taken, positive input data values are  negated in 
the program. 
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qw = 10 n7/m 2 (0.0009 Btu/ft 2 -sec) and Q = -8 .7  W/m (-0.0025 Btujsec-lineal f t ) .  A 



Step 4: compute initial value of compressibility factor and then its derivatives which 
are needed in continuity equation. - The local compressibility factor for the gas temper- 
ature and tank pressure, a s  well as its derivatives, is defined. The equation of state for  
a real  gas is commonly written in terms of a compressibility factor Z(P ,  T) 

UP n differentiating 

where the expression 

nd holding pressure constant, 

Z + T (g)p E Z t  

Differentiating again but with respect to P, holding T constant, 

where 

z - P(?z)T z2 

(18) 

Step 5: compute initial values of local ullage gas velocities. - The parameters and 
temperatures evaluated in the previous steps a re  introduced into a substituted form of 
the continuity equation. This is obtained by substituting equation (1) into equation (7) and 
noting that QL is zero at  time t l  = 0. The equation is first solved at the point adjacent 
to the interface, and the solution is continued from point to point to the top of the tank. 
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The differential equation (eq. (25), ref. 1) has been modified here to include spher- 
ical tanks and approximated at net points (x. tl) by 3 ’  

Ax 2 

RZIQH R Z ~ Q ~  

,&jPC ,&jpc 
j 

+ 

P P 

Step 6: find gas in ullage at time zero by a numerical integration over ullage density 
profile. - The mass of the volume elements in the initial ullage is totaled. Since the in- 
terface is located at the center of its volume element and the first net point is a boundary 
condition, by definition, only one-half the masses in these two elements are included in 
the total. 

where pn = f(Tn, p). 
Step 7: compute initial calculations. - All necessary input data required for the 

main part of the calculation are now available. The identification of key parameters, 
along with input and boundary conditions, is important when the output results are 
reviewed. 

tuted for the value of TW in equation (l), 
Step 8: find temperatures at new time. - When T k ,  from equation (10) is substi 

The equation is equation (Cl) in references 3 to 6,  in which the quadratic is eval- 
uated for the gas temperature T’ beginning with the second net point ( j  = 2) at the 

j 
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top and the value for Ti-  
repeated from point to point until all the ullage temperatures are computed. The value 
of T '  is always the temperature evaluated at the previous point for the new time. The j -1 
variable T. is the temperature evaluated for the point at the previous time. 

J 
The program computes the real positive root of equation (23) by use of the quadratic 

formula. The wall temperature T '  is also computed under step 8 by equation ( lo) ,  
and the value required for T' is obtained from the gas temperature quadratic (eq. (23)). 

Step 9:  evaluate energy transfer to internal hardware. - A program option is pro- 
vided in which the energy transferred to internal tank hardware may be computed. The 
computed value for step 9 would default any input value. The new hardware temperatures 
a r e  computed by using the relation 

a s  the boundary value. The solution to this equation is 

W, j 
j 

The heat transferred is then 

N 

AQi = j = l  2 hH,j(AH, l),(.G - TH, l)j At 

If four hardware components make up the hardware, the average h 

-1 QH = 
tf - ti 

at-t n Eer rate is 

Step 10: find compressibility factors at new time. - In step 10 the compressibility 
factor and its derivatives are reevaluated based on the new gas temperatures computed 
in step 8. 

using the new temperature profile and compressibility factors. The finite difference 
form of equation (4) is used. Although the ullage temperatures are computed starting at 
the top of the tank, the velocity equation is used to calculate the ullage gas velocity 
starting with the point N (in fig. 1) near the interface. The velocity at the interface 
NZ, the boundary value, is determined from the propellant discharge rate which is part 
of the input data. 

Step 11: find velocities at new time. - The new gas velocities are reevaluated by 

Y 
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- ?  v. = 
J 

Step 12: find heat flow rate  to wall and total heat added to wall; find gas flow rate  
and total gas added up to new time. - The heat transfer to the tank wall is computed by 
using the relation 

For the elapsed time t l  -c t2,  the wall temperature changes from TW, -T;, and 

In step 12 ,  the mass of pressurant in the  tank is dependent on the oufflow time a s  
well as on the pressurant gas temperature and pressure. The mass of gas in the tank at 
any time t during outflow is based on a summation of the mass in all the volume ele- 
ments in the ullage. The initial mass calculated at the start  is subtracted, and the differ- 
ence represents the pressurant mass added up to time t. 

MU = 

i-f 

A 

t=f t =o 

An alternate method for determining the flow of pressurant into the tank is provided. 
The GASCHK parameter measures the velocity of the pressurant passing by an arbitrary 
area element near the top of the tank. With the gas density evaluated at the element, the 
mass flow into the tank for a given expulsion is summed over the entire expulsion time. 
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Step 13: find specific heats at new time. - The wall and gas specific heats from the 
top of the tank to the interface a re  evaluated at the new temperatures. 

Step 14: find heat-transfer coefficient at new time. - In step 2 the use of the free- 
convection correlation is described. The gas-to-wall heat -transfer coefficient is ob - 
tained from the same correlation in step 14. This correlation is used for the conditions 
outlined in references 1 to 7. Reference 8 verifies that the gas-to-wall heat-transfer co- 
efficient is in the free-convection regime for a helium expulsion experiment but reports 
that it is definitely within the forced-convection regime for oxygen test data. In step 14 
this heat-transfer coefficient has been extended to include two component effects, if de- 
sired: a forced-convection component, as well as a natural-convection component. The 
following equations represent the manner in which reference 8 relates both convection 
components : 
Free -convection correlation: 

p, = 0.00117 r2 

h = k - n(GrPr)" 
c L  

Forced-convection correlation: 

hnr - -  - - 0.06(:) 0.8 (+r3 C p 

k 
(34) 

-Pwx 
hg,, = hc + hoe (3 5) 

The last term in the combined equation represents the diminishing effect of forced con- 
vection as the distance x increases from the pressurant distributor. 

The development of the gas -to -liquid heat -transfer coefficient is given in appendix B 
of references 3 to 6. It was shown that the conductance across the gas-liquid interface 
is similar in form to the empirical relation for free-convection flow across a horizontal 
surface. 

hc,  LL Nu = - = 0.14 (GrPr)m 
k 
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This equation, with a value of m = 1/3, is used in step 14 to coincide with the references 
cited. The heat transferred to the liquid is given by 

in which T g  is a representative temperature at the edge of the thermal boundary layer. 
For hydrogen or helium pressurant over liquid hydrogen, T g  was determined exper- 
imentally to average 1.3 times the adiabatic compression temperature given by 

Although the magnitude of QL is computed from a AT representing a gradient across 
a gas-liquid interface, the energy transferred to the liquid is represented in the energy 
equation (1) as being uniformly derived from the entire ullage. 

Step 15: check to see if end of time has been reached. - The time increment is com- 
puted from the displacement of the interface to the succeeding net point. The time incre- 
ments are summed to give the elapsed time, which is compared to the time specified for 
the discharge. 

Step 16: end of time exceeded - interpolate conditions at end of time. - When the 
sum of the time steps has exceeded the specified discharge time, a back interpolation of 
the computed values is performed to comply with the end of time specified for the 
discharge . 

values are  printed. 
Step 17: wri te  out results. - The subroutine WRITE 2 is called and the computed 

Pressurization (Ramp) Algorithm 

A separate computer program determines the m a s s  of pressurant added, as well as 
tank wall energy requirements, during the ramp and hold periods. The same equations 
that describe the expulsion period are also applicable for the ramp and hold periods. 
Even though experimental results (refs. 3 to 6) indicate relatively large amounts of mass  
transfer during this period, mass transfer and heat transfer to the liquid a re  not included 
in the analysis because of the added complexity of the transport process occurring at the 
interface. A logic diagram for the ramp algorithm is given in figwe 4. 

The analysis computes the gas temperatures in the ullage at any time during the 
pressure rise (and hold period) from the gas energy equation. The corresponding gas 
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to the final pressure by the component gas in the initial ullage is evident from the heat of 
compression. On a molar basis,  the programmed procedure for obtaining the mass ad- 
dition by the difference of the assumed single-component pressurant in the initial ullage 
from that in the final ullage would still appear satisfactory. This assumption is verified 
in references 5 to 7 .  

Steps 1 to 7: These steps follow the procedure described in the section Expulsion 
Algorithim, with the exception that hardware component temperatures are not initial- 

Ap1-2 

- 1  At1-2 

A p O - l  
Vt,2  = vt, 1 (39) 

AtO- 1 

A solution to the ullage temperature function (expressed a s  a quadratic in the expul- 1 
~ sion analysis) under the conditions encountered during ramp proved to be extremely 
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difficult. When the initial wall temperature distribution in the ullage was greater than 
the gas temperature distribution, heat transfer from wall to gas resulted in negative ve- 
locities, which made it impossible to evaluate the function. A satisfactory metnod is 
achieved, however, when the velocity at the net point v.* is eliminated from the func- 
tion. Substituting the velocity function for v.* into the quadratic results in the following 
cubic equation (appendix C of refs. 3 to 6): 

J 
3 

* A t  T 

J zTj-l j + l  j Ax 
@' + d.) - 

The main purpose of step 8 is the evaluation of the preceding equation. Unlike the 
method employed in the expulsion program, the cubic equation is solved numerically by 
the Newton-Raphson method. 

where F(TI) represents the cubic function evaluated for the temperature T at the new 
J 

time (') for the point j .  The term F'(T!) is its first derivative. The subscript i for 
T: represents the initial or  previously evaluated temperature in the iterative process 
and (Ti>, is the new value, which has converged closer to the true value (see fig. 5). 

Step 9: find heat-transfer coefficient at new time. - Step 9 computes the gas-to-wall 
heat-transfer (natural convection) coefficient. Steps 9 to 11 together allow for the deter - 
mination of the thermodynamic and transport properties as a function of P and T in the 
subroutine s . 

Step 12: find velocities at new time. - The velocity equation used to calculate ullage 
gas velocity starting with the point N (fig. 1) is the same equation employed in step 11 
of the expulsion algorithm. The boundary value of the velocity at the interface, point 
NZ,  is zero with no expulsion. Figure 5 shows the iteration scheme by which conver- 
gence is achieved in the solution of the gas energy and continuity equation. 

J 
J 

v 
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The ullage gas velocity is calculated from point to point until the top of the tank is 
reached. The new velocities are used in the cubic equation in step 8 along with the pre- 
vious values of TI+1, and the temperature distribution is redetermined. This process 
is repeated until the computed velocities are essentially unchanged from those computed 
in the previous iteration. When convergence is achieved over the entire ullage, the time 
is then advanced to t2 and the process is continued as shown in figure 4.  

ramp rate is not accompanied by tank outflow. In step 13, the mass of pressurant in the 
tank is dependent on the pressurant gas temperature and pressure as a function of ramp 
time. The mass of gas in the tank at any time t during the ramp is based on a sum- 
mation of the mass in all the volume elements in the ullage. The initial mass calculated 
at the start is subtracted, and the difference represents the pressurant mass added up to 
time t 

Step 13: find gas flow rate and total gas added up to new time. - Generally, the 

MU = 

i-f 
IPdV - 

VU 
1 VU 

p dV N 

n= 1 
t=f 

Pn "n 

Ni c 
n= 1 
t =i 

Pn "n 

t=f t = O  

An alternate method for determining the flow of pressurant into the tank is provided. 
The GASCHK parameter establishes a velocity for the pressurant passing through the 
second area element from the top of the tank. With the known gas density at the cross  
section, the mass flow into the tank during the ramp is summed over the entire ramp 
time. This method generally did not give good agreement with the computed mass de- 
rived from the integration of all the volume elements 

Step 14: find heat flow rate to wall and total heat added to wall. - This step f 
the description for step 1 2  in the expulsion program. 

11 ws 

Step 15: check to see if  end of time has been reached. - The time increments a r e  
summed to give the elapsed time, which is compared to the specified time for the ramp 
or hold pressure. In general, ramp has never been experienced with significant tank 
outflow. However, this possibility does exist, and the time step would then become a 
function of the discharge rate. Under this condition, the procedure outlined by this 
step becomes severely constrained. The time involved for the interface to advance to 
the next point is in many instances too great and results in a serious discontinuity. 
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Nevertheless, the option to include tank discharge during ramp is provided and may be 
considered as an extension of the expulsion program with an iteration scheme which may 
provide some utility for a pressurization system under study. 

Step 16: end of time exceeded - interpolate conditions at end of time; and step 17: 
write out results. - In essence, steps 16 and 17 follow the corresponding steps of the ex- 
pulsion program. 

SUBROUTINES 

The subroutines, which are common to both the pressurization and expulsion pro- 
grams, are listed in appendix D. 

Subroutine SIN" S 

SINTS is a subroutine which allows the user the option to program in SI units. This 
subroutine converts the input data in SI units to the units required by the program. 

Subroutine SPHEAT 

The "specific heat" subroutine SPHEAT provides 15 storage locations representing 
a set of 15 discrete values of specific heat as a function of temperature (OR) for the ves- 
sel wall ,  as well as a set of 15 values of specific heat (Btu/lbm-OR) as a function of tem- 
perature (OR) for the pressurant gas. These data may be substituted to fit the problem 
definition. The program interpolates values between the points. 

Subroutine WRITE 1 

Subroutine WRITE 1 contains the statements which print out the input data. 

Subroutine WRITE 2 

Subroutine WRITE 2 contains the statements which print out the problem solution 
(the calculated pressurant gas and temperature distributions) at any time t during the 
expulsion and/or the ramp, following the call statement. 
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Subroutine COMPRS 

COMPRS is a subroutine which calculates the compressibility factor from a 20x17 
matrix for hydrogen (Z(T,P)). For another gas pressurant the table may be replaced, 
or  a value of Z(T,P) = 1.0 or  Z(T,P)  = Constant may be substituted. 

Subroutine HCOEFF 

Subroutine HCOEFF calculates heat-transfer coefficients for either of two 
pressurant gases (hydrogen or helium) at a specific pressure. Transport property data 
for each gas a re  keyed to the molecular weight and may be replaced for other gases. 

Subroutine INTERP 

Subroutine INTERP performs a straight -line interpolation between two discrete 
points . 

INPUT -OUTPUT REQUIREMENTS 

Input 

The program input consists of a three-card description of the problem, although any 
or all of the cards may be blank. Any specific information may be entered in columns 2 
to 80, but column 1 is left blank. The succeeding groups of data are defined in the expul- 
sion program listing. 

Group I data. - Group I data include the parameters (PARAMS) that relate to tank 
configuration and input options. These data are entered in NAMELIST FORM. 

Group II data. - Group I1 data are also entered in NAMELIST FORM, which uses 
names in place of FORMAT numbers in the read (INPNTS) and write (OTPNTS) state- 
ments. The INPNTS series is a sequence of coded statements (words) giving the number 
of pairs of values read in as data which define the initial and boundary conditions for the 
ramp or expulsion programs. The flexibility of the NAMELIST FORM is demonstrated 
in the write statement (OTPNTS), which verifies the number of pairs of values that are 
specified. The number of pairs in each set printed under OTPNTS must agree with the 
number of paired values in each set submitted under the NAMELIST TABLES that follow. 
If a single pair is specified under TABLES at time t = 0 (i. e. , TGAS = 400. , TIME1 
= 0. , I ,  the value of the variable (TGAS) is maintained constant for any subsequent time. 



The expulsion program provides a maximum of 15 data entries under TABLES. The 
ramp program has the capability of utilizing only the first 11 data entries defined in the 
following list. The data for  MRAD a re  necessary if the tank radius (as a function of dis- 
tance from the top) is to be interpolated. 

Code 

MTGAS 
MPDATA 
MFLOW 
MTSAT 
MTBULK 
MQOUT 
MQTN 

MTWIN 

MTGIN 

MRAD 
MTICK 
MTBAK 

MTCU 

MTSS 

MTAL 

Number of pairs of data 

inlet gas temperature (K; OR) as function of time (sec) 
2 tank pressure (MN/m2; lbf/ft ) as  function of time (sec) 

3 3 volume flow rate (m /sec; ft /sec) as function of time (sec) 
saturation temperature (K; OR) as function of time (sec) 
liquid-propellant bulk temperature (K; OR) as function of time (sec) 

2 2 outside-wall heating rate (J/m -sec; Btu/ft -sec) as function of time (sec) 
inside -hardware heating rate (J/m -sec; Btu/lineal f t  -sec) as function of 

initial wall temperature (K; OR) as function of axial distance from top of 

initial gas temperature (K; OR) as function of axial distance from top of 

tank radius (m; f t )  as function of axial distance from top of tank (m; f t )  
tank thickness (m; ft) as function of axial distance from top of tank (m; ft) 
initial temperature of phenolic internal hardware (K; OR) as function of 

initial temperature of copper internal hardware (K; OR) as function of 

initial temperature of stainless steel (TP304) internal hardware (K; OR) as 

initial temperature of aluminum internal hardware (K; OR) as function of 

time (sec) 

tank (m; f t )  

tank (m; f t )  

axial distance from top of tank (m; ft) 

axial distance from top of tank (m; ft) 

function of axial distance from top of tank (m; f t )  

axial distance from top of tank (m; ft) 

Group 111 data. - The term group III data refers to data that are entered directly into 
the appropriate subroutine. 

output 

The output from a successfully executed case is written by the subroutine WRITE 2 
after a printout of the initial problem conditions by subroutine WRITE 1. This output, 
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shown for a sample case in appendixes B and C,  consists of a block of computed wall 
temperatures and gas temperatures as a function of distance above the liquid interface. 

(TJME) during the ramp or  expulsion for which the temperatures are evaluated. Asso- 
ciated with the time, the GAS SUPPLIED, HEAT TO WALL, and INLET VEL (pressurant 
velocity) are included on the first line. For an expulsion, the second line of output in- 
cludes the heat transfer to the liquid (propellant). Both programs provide the CHECK 
ON GAS computation, and the GAS FLOW or rate of pressurant into the  tank. 

time for the termination. For the ramp program the ENDRMP value represents the 
ullage condition at the end of the pressure r i se  period, and ENDTIM represents the con- 
dition at the end of the hold period (fig. 2). 

The OUTPUT parameter specifies the number of time steps for a "demand" require- 
ment of the computational results. 

Two techniques a re  used to determine the mass of pressurant required for any given 
time t. The primary method determines GAS SUPPLIED by summing the product of gas 
density and volume for all the volume elements for each net time. From this summed 
value, the initial ullage mass is subtracted. The alternate method, CHECK ON GAS, 
establishes a velocity for a given cross  section near the tank inlet. With the gas density 
known at the cross  section, the mass flow rate into the tank is summed over the entire 
time. 

The block data are preceded by two lines of data. The top line gives the time 

Under group I data, the ENDTIM value specifies the ullage condition at the point in 

TYPICAL ERROR MESSAGES AND THEIR CAUSES 

Ramp Program 

Initial ullage velocities are unstable. - Since the wall and gas temperature distribu- 
tions a re  specified in the initial ullage, the values for gas specific heat, heat-transfer 
coefficient, and compressibility factor are defined. The initial velocity at each net point 
is computed for time t = 0 and P = PDATA(l), where PDATA(1) is the initial pressure 
throughout the ullage for a series of discrete time-dependent values. This initial ve- 
locity distribution is printed out by the program. A negative value for a velocity indi- 
cates an incipient instability, and the program terminates itself because of a major over- 
flow. The initial problem condition must be altered by selecting a greater number of net 
points (smaller net space between points) or  by adjusting the initial slope of the pressure 
rise curve (fig. 1). 

Solution to cubic equation requires more than 10 iterations. - Sometimes during the 
solution for  the true ullage temperature, the Newton -Raphson programmed convergence 
is not achieved in 10 iterations. These occurrences are counted and when the number is 
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greater than 25, the program reduces the time step and starts the problem again. If the 
solution is not achieved by this procedure, the pressure rise for the interval is too great, 
or the instability may be attributed to a large difference between the upper-boundary gas 
temperature and the inlet pressurant temperature. 

ramp, one or  more negative velocities are computed, the program reduces the time step 
and starts the problem again. It is programmed to do this three times and then prints 
out all the gas temperatures in the ullage. 

during the course of the solution of the cubic equation, there will be three real and un- 
equal roots. Unfortunately, a distinction cannot be made a s  to the correct root. When the 
roots are near the boundary temperature or the inlet temperature, occasionally the con- 
verged value may be greater than the value of the inlet temperature. In this predicament, 
the root can be made equal to  the value of the boundary temperature without interrupting 
the procedure. 

perature). - Path B in the ramp block diagram, shown in figure 4, should not be con- 
strued as an alternate program path. It indicates a sequence of printed data values and 
their relative occurrence during the iterations. 

If after 32 iterations, any of the ullage velocities differ from the value computed in 
the previous iteration by more than 1/2 percent, th i s  condition is indicated by a printout 
of the velocities. 

atures. In this circumstance, the deviation of the velocities from those computed in the 
previous iteration may be greater than 10 percent. This situation is indicated by a print- 
out of the ramp time, ullage temperature, and wall temperature distribution. 

These data blocks are printed during steep ramp rates  o r  when extremely nonlinear 
portions of the ramp curve (pressure r i se  as a function of time) are encountered. The 
ramp time parameters PM 1, PM2, PM3, and PM4 should be examined and the time step 
selected accordingly. However, when the time steps are made exceedingly small, ex- 
cessive computer run times are encountered. Time steps of 0.2 second or  less, selected 
for a large percentage of the total ramp time, may consume more than 1/4 hour of com- 
puter time for a 40- to 50-second ramp even though the ullage volume may be only 5 per- 
cent of the tank volume. 

One or more negative gas velocities are computed after time zero. - If, during the 

A computed temperature is greater than the boundary temperature. - Sometimes 

Error  greater than acceptable (program cannot converge on true ullage tern- 

After 40 iterations, the program may still not converge on the true ullage temper - 

Expidsion Program 

For the expulsion program, e r ror  messages have not been found necessary. In gen- 
eral, if the program is terminated, the reason often appears obvious upon examining the 
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input data format. If the input data format is correct, a program completion is assured 
when the initial gas temperature boundaries a re  equivalent to the liquid interface con- 
dition and the pressurant temperature at the start .  The wall temperature at the liquid 
interface should approximate the propellant bulk temperature. 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, March 15, 1974, 
502 -24. 
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APPENDIX A 

SYMBOLS 

Engineering FORTRAN Units in program Description 

A AREA ft2 Tank cross section normal to vertical axis 

------ AAY ------------ For cubic equation y + Py + qy + r = 0, 

------ BEE ------------ BEE = (ZP3 - 9pq + 27r)/27 

------ TEST I----------- Evaluate BEE2/4 + AAy3/27 to determine 

symbol name 

3 2 
2 M Y  = (3q - P )/3. 

the nature of the roots. 

b G8 ------------ Coefficient of first term of gas temperature 
function, eq. (40), represented by cubic 
equation in ramp program 

------ BQUAD -- - - -- -- --- - Second term of quadratic temperature func- 
tion in expulsion program 

CP Btu/(lbm -OR) Specific heat at constant pressure 
cP 

Specific heat at constant volume, C - 
V' 

specific heat of wall material, Cw 
CVCW CPW Btu/(lbm -OR) 

C G1 OR 

------ C QUAD - - - - - - - - - - - - Final expression of quadratic temperature 
function in expulsion program 

D DIA f t  Spherical o r  cylindrical diameter; vertical 
diameter when tank is a spheroid 

------ DISC --- --- -- ---- Discriminant of quadratic temperature 
function 

d G6 ft/sec 

ERRP ------------ A percent difference in velocity, computed 
in step 12 (ramp), from value of previous 
iteration 
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Engineering 
symbol 

g 

hC 

J 

L 

1 

M 
- 
M 

AM 

24 

FORTRAN Units in program 
name 

Description 

H 

HOPE 

ISTAR 

KSTAR 

KLAMP 

LOOM 

XJAY 

2 Btu/(ft -sec-'R) Convective heat-transfer 
coefficient 

--------------- Temperature function, cubic in 
propellant temperature T P  

--------------- Integer representing count of 
iter at ion 

--------------- Counting integer - specifies the 
number of times the numerical 
solution for a gas temperature 
could not converge on the true 
value in 10 iterations 

-------- ---- --- Integer counter equal to or less  
than 3 .  The ullage temper - 
ature computations a r e  r e -  
peated so that temperature - 
dependent parameters are 
evaluated close to converged 
gas temperatures. 

_---_-------- - -  Counting integer - i f  computed 
value for a gas velocity is less  
than zero, time step is 
reduced . 

mechanical equivalent of heat (ft- lbf) /Btu 

XL f t  Flow length 

TICK f t  Wall thickness 

GSRATE lbm/sec Pressurant flow rate addition 

XMOLEC lbm/(lbm- mol) Molecular weight of pressurant 
gas 

GAS (GASB - GSTART) lbm Amount of gas (pressurant) added 
by subtracting initial ullage 
gas from GASB 



Engineering 
symbol 

MU 

m 

N 

Q 

. .  
Q, QL 

s, 

Units in program 

lbm 

lbm 

lbf /ft 

Btu 

Btu/sec 

Btu 

Btu/(ft2 -sec) 

Description 

Mass  of pressurant added by 

Summed value of ullage gas over all vol- 
ume elements for time into ramp or 
expulsion 

alternate calculation 

Grashof, Prandtl exponent 

Number of volume segments in tank, 
NP, refers to  next time step 

Summing index, i = initial, f = final 

Particular volume segments 

Nusselt number, hcL/k 

Tank pressure; initial pressure 

Differential pressure 

Prandtl number, C p / k  
P 

Coefficient of second term (square in 
TP) of cubic equation in ramp program 

Heat transfer to wall; heat transfer to 
liquid interface 

Heat -transfer rate to tank wall; heat - 
transfer rate to liquid 

Heat transfer to hardware 
components 1 and 2 

Heat-transfer rate to wall from outside 
tank 

Gas constant 

Real positive root of temperature 
quadratic in expulsion program 

Reynolds number, LvP/ p 

Tank radius 

Final term of cubic equation in ramp 
program 
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Engineering FORTRAN 
symbol 

T 

T =, s 
--- 

AT 

T 6  

t 

A t  

--- 

V 

V 
- 

AV 

-- - 

--- 

xn 
X 

AX 

Z 

z1 

z2 
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name 

TP  , TWP 

TP(N+l) 

TPP 

TDIFF 

TADD 

TIME 

DT 

uu 

-----.- 

V 

-----_ 

V P  

WOLD 

XN 

X 

DX 

Z 

z1 

2 2  

Units in program 

OR 

OR 

OR 

ft3 

ft/sec 

ft/sec 

----- 

f t  

f t  

Description 

Ullage temperature; tank wall temperature 

Temperature of the saturated propellant 

Assigned temperature equal to inlet 
pressurant temperature 

Differ entia1 temperature 

Temperature at edge of thermal boundary 
layer 

Time into ramp, hold period, o r  expulsion 

Time increment 

Coefficient of third term (TP term) of gas 
temperature function (ramp program) 

Ullage volume 

Gas velocity associated with a specific net 
point 

Volume increment 

Gas velocity associated with a specific net 
point at previous iteration 

Gas velocity passing volume element near 
top of tank, used in alternate method of 
calculating pressurant going into tank 

Number of net points in ullage 

Coordinate in direction of tank axis 

Distance between net points 

Compressibility factor 

- (:)T 



Engineering FORTRAN Units in program 
symbol name 

P 

hv 

Y 

/J 

P 

w 

D3 

D4 

OR 

lbm/(ft -sec) 

Description 

h At 
C 1 +  pw z c  w w 

1/2 

Coefficient of thermal expansion 

Dimensional decay coefficient of ullage 
forced heat -transfer correlation 

Specific -heat ratio 

Viscosity 

Density 
I . \  

+ RZQL\  - At 

%rr2Ax ‘pP 
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APPENDIX B 

LISTING OF EXPULSION PROGRAM 

C 

T h I S  IS THE EXPULSION PRGGWAM 

0 INENS I C N  
1 
2 
3 
4 T ~ C ~ 1 5 0 ~ ~ T C ~ 1 5 0 ~ ~ C P S T l A ~ O l ~ T S T 1 1 5 0 )  r T Z ( 1 5 0 )  r C P A L ( A 5 O J  r 
5 

C54 150 1. C 9 (  150 b 9 YT I CK ( 50 ) .XXT 4 50 I r T I C K  (1 50 I 
r T W K  (30 J r D  t ST? ( 30) r ThCU (301 . D I  S T 8 t  30 J r T S T N ( 3 0 )  r O I S T 9  
TUAL4 30). 0 IS 114 30 b .CP6K ( 150) STUB 4 1501 9 T 6 (  150) rCPCU( A50 1 

T A L S t  150) r T B C (  A 5 0 l r T T T L  150)  .PRAH( 1501 

30 I v 

C 
COWWN 

1 
2 
3 
4 S P h G T . X W O L E C ~ G S T A R T r H C O N S T r T I M E ~ ~ A S r ~ ~ t i A S C H ~ ~ G S ~ A T ~ r D T ~  
5 
6 
1 
8 

X r  T. TPqTU. TkPpV r C P * C P & r  TGASpT IMEA r MTGAS rPOATA .T I M E Z  r MPOATAr 
FLOW, T I  ME3. MFLO Y 9 TSAT 
1 I WE6 WOObTr OINO. T IWE 7 9  M 4  I hrr N. NP r XN 9 U l l  AGE t RAD1 US v DOr 

ICONSTrH.HMULT, HEXP 9 YRAD rXHAD,MRAOrTNKY TICQTR r4KNeUNUMSr 
)IT J I NI WTG t N, NT I C K  
TU INDID I S T l r  TGINO 90 I S T Z r  Y TICK ,XXT 9 Tkt3K. D I  ST7 9 

TYAL 0 I S 1  1 .TWCU r 0 I S T 8  r T S T  N t  I31 S T 9  

T I M E 4  . MT SAT 9 TBULK * T  I ME5 r HTB ULK r OOUTO 

HT BAKr MTCU, PT SS r NTAA r 

C 
I C 

C 
C 
c 
C 
C 
C 
C 
1 

C O l r W h  
1 C A R A O ~ A D I F U ~ S P Y S S ~ O I A ~ R C O N S T r T A O D r A ~ ~ A l C r A 3 S r A 5 ~ r ~ T B ~ N T l C t  
2 &13S.bT5B 

****++***+********** 

REP0 3 CARDS O f  PROBLEM D E S C R I P T I O N  AN0 k R I T E  OUT. THERE 
MUST BE TkREE CAROS USED. ALTHOUGH ANY OR A L L  O f  THEM MAY 
8E BLANK- LEAVE ThE FCRST COLUMN OF EACH CARD BLANK AN0 
ENTER ANY INfORMATION I N  COLUMNS 2 TO 800  

YR I T E  (6.100) 
DO 2 J z l . 3  
R E A 0  (5.101) 
WRITE (6.101) 

*******+******+***** 

2 
c 
C 
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C 
C 
c 
C 
C 
c 
C 
C 
C 
c 
C 
c 
t 
C 
c 

I C  
C 
C 
C 
C 
C 
C 
C 
t 
C 
C 
C 
C 
c 
C 
C 
C 

' C  
C 
C 
C 
C 

I C  

C 
C 
C 

' C  
c 
C 
C 
C 
C 
c 
C 
C 
C 
C 
C 
c 
C 

~ c N E N C L A T U R E  FOR I N P U T  DATA ************+*****+********* 
X N r  NUMBER O f  NET P O I N T S  AT TIME ZERO (MUST BE 3 OR MORE) 

NET P O I N T S  A V A I L A B L E  150 (SEE D I M E N S I O N  STATEMENTS) 
REOUIRED I k P U T  GROUP I DATA 

OUTPUTr hUMRER L3f  T I M €  STEPS TAKEN BEFORE EACH OUTPUT 
IJLLAGEr  I l v I T I A L  ULLAM H E I G H T *  (CANNOT BE ZERO) 
R A C I b S r  TANK RADIUS 

t U S  D ISTANCE FRaM TOP) O A T 6  READ INTO THE PROGRAM. 
I f  R A C I U S  = - 1 9  THE TANK IS A SPHERE ( O I A  5 DIAMETER) 

It- A d O I U S  =Or THE R A D I U S  IS INTERPOLATED BASED ON THE TANK RADIUS 

S P k G T r  
SPkSS. 
ENOT I H r 
XMGLECr 
ZCGNST r 
HCGNST r 

HWULT r 
H E X Y r  

D I A r  

RCONST r 
T R l r T W 2  

T A 0 0 r  

UNUHS 

~~ 

TANK WALL S P E C I F I C  MEIGHT 
S P E C I F I C  WEIGHT Of TANK L I D  M A T E R I b L  
T I M E  AT CrHICH OUTFLO& ENOSr SECONDS 
MOLECULAR WEIGHT O F  PRESSURIZING GAS 
C O M P R E S S I B I L I T Y  FACTOR (1. FOR I D E A L  GASeBLANK FOR R E A L )  
hEAT TRANSFER COEfFo (BLANK I F  H IS TO BE CALCULATED) 
I F  HCUNST IS BLAhK H WILL L1E COMPUTED FRGM THE EOUATION 

H=HHULT * COkD/XL  * LGRASHOF * PRANDTL)**HEXP 
CONSTANT I N  ABOVfi EOUATION (0.13 IS USED I F  L E F T  BLANK) 
CONSTANT I N  ABOVE EQUATION (0.333 IS U S f D  I f  L E F T  BLANK) 

DIAMETER WHEN THE TANK IS A SPHERE OR CYLINDER. 
SPECIFY DIAMETER ON VERTICAL A X I S  WHEN TANK IS SPHEROID 
I N I T I A L  HEIGHT USED I N  CALCULATION OF H 
GOVERNS THE HOOE O f  TRANSFER t3ETWEEN PRESSURANT GAS AND 
TANK WALL. I f  TR2 IS BLAIYK AND T R l = l . r  HEAT TRANSFER 
IS BY FREE CONVECTION* I F  TR2-1.9 T R 1  IS BLANK, HEAT 
TRANSFER IS 6 Y  FORCED CONVECTION 
A TEMPERATURE AT THE EDGE O f  THE THERMAL BOUNDARY 
LAYER T O  OETERMINE THE DCtIVING P O T E N T I A L *  [TADD-TSAT)o 
FOR HYCROGEN PRESSURANT OVER L I 3  H2r TADD WAS DETERMINED 
EXPERIMENTALLY TO BE 1.2-105 TIMES THE A D I A B A T I C  
CQMPRESSIGh TEMP€RATUWE 
SEE NASA TN 0-5336, 5 3 b 7  
SET GREATER THAN 0. FOR S I  U N I T S  *** ****+* +**** 

OQGO. I F  0000 IS BLANK*  PROGRAM ASSUMES NO INTERNAL HARDWARE 
UNLESS ThE O I N O  US T I M E 7  VALUES ARE G I V E N  UNDER I N P U T  

AB THRU UT58 ARE S P E C i F I € D  
DATA. I F  OUOO=Ar THEN SOME OR A L L  PARAMETERS 

AB r 

A1C 

A 3 S r  

M i a .  
wT 1c. 
k T 3 S r  
d T 5 B r  

E F F E C T I V E  AREA PHENOLIC HARDlJARE EXPGSED TO THE 
PRESSURANT GAS I N  THE VOLUME ELEHENT 
E F f E C T I U E  AREA O f  COPPER HARDWARE EXPCSED TO THE 
PRESSURANT GAS I N  THE VOLUME ELEMENT 
E F F E C T I V E  AREA OF THE 304 SS HAROUAHE EXPOSED TO THE 
PRESSURANT GAS I N  THE VOLUME ELEHENT 

E F F E C T I V E  AREA O f  ALUMINUM HARDYARE EXPOSED TO THE 
PRESSURANT GAS I N  THE VOLllHE ELEMENT 

WEIGHT OF THE PHENOLIC HARDhARE IN THE VOLUME ELEMENT 
YEIGHT OF COPPER HAROJARE I N  THE VOLUME ELEMENT 
Y E I G k T  OF 3 0 4 S S  HAROwAHE I N  THk VOLUME ELEMENT 
WEIGHT OF ALUM. tiARDWARE I N  THE VOLUME E L E M N T  
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C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
c 
c. 

C 
C 
t 

c 
C 
C 
C 
C 
c. 
C 
C 
C 
c 
c 
C 
C 
C 

O P T l C N  2 CATA 

D1C. PARAMETER USED I &  CALCULATING GAS TO WALL* 
FORCED CONUECTION HEAT TRANSFER 

AOIFU YRESSURANT OISTR IBUTOR AREA 
CAR AD* ChARACTEWISTIC R A D I U S  OF THE TANK WHEN FORCED CON- 

VECTION IS A HODE OF HEAT TRANSFER 
END O F  OPTION I 1  DATA 

BEXPO. k6EXPO PAHAWkTERS I N V O L V I N G  OECAY COEFF I C I E N T S  
SEE NASA TM X - 53165 

GROUP I DATA 
NAY EL 1 !jT / PAR ANS / XN *OUTPUT ULLAGE r RAO I US 9 SPWGT END1 I M *  X MOLEC r 

1 H C O N S T * D I A r R C O N S T r Z C G N S T r ~ ~ ~ L T r ~ E ~ P r A ~ * A l C * A 3 S * A 5 B * U T ~ * ~ T l C *  
~ ~ T 3 S ~ ~ T 5 B . S P U S S r O O Q ~ r T A D D . C 1 C , I R l r T R 2 r C A R A D ~ A D I F U ~ C Y L N ~ U N U M S  

READ(5rPARAMS) 

GROUP 11 CATA EXPULSION DATA- CONTINUED . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
1 M T h  IN. WTGIN.MRADr MT ICK r M T 8 A K r  HTCUr MTSS rMTAL 

NAMELIST / INPNTS / M T G A S I M Y D A T A ~ M F L O W ~ M T S A T ~ M T B U L K ~ M Q O U ~ ~ M O I N ~  

R E I D (  5 r  INPIUTS) 
NAWELIST / OTPNTS / MTGASrMPDATA*MFLOUrMTSAT*MTBULK1HOOUTln0IN*  

1 MT h I N, MTG I k * MR AD. MT I CK r MTBAK r MTC Up WTSS 9 MTAL 
WR I T E ( 6 e O T P h l S )  
NAWELIST 1 TAt3LES / 

1 TGAS r T I M E 1  PUATA r T I M E 2  * FLUY T I M E 3  * 
3 TSAT p T I M E 4  r TBULK 9 T I M E S  r OOUTO r T I M E 6  9 

3 O I N D  T I M E 7  9 T w i N D  D I S T l  T G I N D  DISTi! 
4 YRAD r XRAD r Y T I C K  v X X T  TdBK 9 D I S T 7  
5 T k C U  r D I S T B  r TSTN 9 D I S T P  r TWAL r O I S l l  

READ (5rTAC)LES)  

GROUP I 1 1  PROPERTY OATA-SEE SUBROUTINE- 
NOTE - THE CATA BLOCKS I N  THE SUBROUTINES MAY BE SUBSTITUTE0 FOR 

CIFFEHENT GASES OR k A L L  MATERIAL  CONSISTENT WITH 
HYCROGE&/HEL I U M  BEHAVIOR. 

A - SUBROUTINE SPHEAT - MATERIAL  AND GAS S P E C I F I C  HEATS 
NOTE -- THE S P E C I F I C  HEAT SUBROUTINE FOR HYOROGEN 
HAS NO P R O V I S I C N  FOR PRESSURE V A R I A T I G N  
NOTE -- THE MALL S P E C I F I C  HEAT DATA I N  THE SUBROUTINE 
DOES NOT PROVIOE STORAGE FOR MORE THAN ONE MATERIAL  

2 - SUBROUT I N €  COMPRS - GAS COMPRESSIB IL  1TY 
3 - SU8ROUTIEIE HCOEFF - TRANSPORT PROPERTIES 

** * ** * ** ****** ***** 
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I 

PREL I W  INA FY COWPUTAT I O N  
I T E R 1 - 0  
0=00 
G P S C h K s O o  
H2h=0.0 
O f R t O  00 
C07R=O-O 
T h K & T = O o O  
GST A R l = O o  
D01=0.  

4 1 1 4  l l l l l  

L L 

6 
J 

4 D 

> w 
a 
0 

m 
I ” I 
U 

a 
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oa2=0. 
003=00 
004-0. 

C 

C 

30 1 

CbLL k R I T E 1  

IF(UNLIMS * E O *  0 0  1 GO TO 301 
C A L L  S I N T S  
CGhT I k U E  
XP I = 3  0 1 4  159 
R= 1545.4 
X J b Y = 7 7 8 * 2  
HCC NS 7 = W O N  ST / 3600 
N=XN 
NP=N+ 1 

DX=ULL AGE / 4 XN- 1 0 I 
I uR IT€=OUTPUT 

OIFU = S O R T ( 4 o * b C I F U / X P I )  
CB=R/XHOL EC 
C 3  = O X  * C 8  
C l  = C 3 / 2 .  
C Z  = C1/XJPY 
C 4  = G X / C 8  

C 7  = CB/XJPY 
C 6  = 2**C8  

C 
C 

3 

C 
C 
C 
c 

4 

5 

C 
6 

199 

DO 3 J=2*150  
XJT ICK=J- A 
X (  J )=OX*XJT I C K  
C A L L  INTERP ( Y T I C K I X X T ~ M T I C K , X ( J )  . T I C K (  J ) )  
C 5  t J )= 1 o O /  4 T I CK ( J )*SPWGT ) 
C9(J)=P oO*XPI*OX*TICK(J) *SPkGT 
x i  1 I t 0  00 
T I C K (  1 )=Y 1 I C K 4  1) 

ST EP- 1 A- 
MAKE GEOMETRY CALCULATIONS 

I F  ( R I C I U S )  894.6 
DO 5 3=29150 
C b L L  I h T E R P  (YRAD~XHAO*MRADIX( J ) r R A D (  J ) )  
AREA(J)=  XQI*RAD( J)**2 
t tbC ( 1 ) = R b O (  2 )  
A R E A (  1 )=PREA(Z)  
GO TO 12 

32 



3 99 

3 99 

7 
499 

8 

9 
10 
11 

C 
12 

13 
C 
C 
C 
A5 
16 
17 

C 
C 
C 

la 
C 
C 
C 
C 
C 
19 
C 
C 
C 
C 
C 

C 
20 
21 

I F ( X 4 . l )  O G T O  ( C Y L N  + R A D I l i S ) )  GO TO 399 
R A C l J )  = RAOIUS 
O R E A t J b  = X P I  * R A D ( J ) * * 2  
GO TO 7 
PLEG = X ( J )  - CYLN - R A D I U S  
I f i P L E G  o G f o  RAOIUS)  GO TO 499 
RAG ( J  J = SORT( RAD IUS**2 - PLEG**2 1 
A R E A t J J  = X P I  * R A D ( J ) * * 2  
CCNT i k U E  
H A G ( 1 )  = R A O ( 2 )  
A R € A ( l )  = AREA421 
GO TO A2 
DO A0 J-2.150 
If t X ( J ) - O I A )  9.9.11 
R A O t J J  = S O R T ( D I A  * X t J )  - X ( J ) * * 2 )  
A R E A ( J ) = X P I * X ( J ) * ( D I A - X ( J )  1 
A R € A ( l ) = A R E A 1 2 )  
R P O ( l ) = R A D ( Z )  

TANK WEIGHT DOES NOT INCLUDE YEIGHT OF L I b  CP CONNECTOR AT TOP 

ThrKhT = T N K b l  + C91J ) *RAO(  J)*SORT( 1.0 + DROK (J  )**2 I 
COhT I N U E  
DRDX4 1 )=(RAD( 2)-RAD( 1) ) / X  4 2) 
DRGXt  1 5 0 )  = OROX t 1 4 Y  8 
D T = O X * & R E A ( N ) / f L O h l  l b  
C A L L  INTERP 4 F L O W ~ T I ~ E 3 r M f L O W ~ D T ~ F L D ~  
DT=DX*AR€b(N)  / 4 FLOY( 1 ) +FLO )*20 0 
V P = F L O k ( A ) / b R E A ( N )  
TIWE=ET 

ST E P-1 8- 
CCMPUTE I N I T I A L  M A L L  AND GAS TEMPERATURES 

00 19 Jx1.N 
C A L L  INTERP 
C A L L  INTERP (TGINO,DIST2rMTGIN.X(J)rT(  3) ) 

t Tllr 1ND.D I S T 1  9 MTCl I N 9x4  J) 9 TW ( J ) ) 

STEP- I C -  
COMPUTE I N I T I A L  VALUES O f  S f E C I F I C  HEAT 

C A L L  SPHE AT 4 T t J 1 .T W 1 J ) e CP 4 J) 9 CPY 4 J) XMOLEC) 

S T E P-2- 
COMPUTE I N I T I A L  VALUES OF HEAT TRANSFER C O E F F I C I E N T  

I F  (HCOkST)  1.22.20 

oa 1 1  J-1.150 
H(J)=HCGNST 
60 TO 3 1  

33 



c 
21 
23 
C 
24 
25 
C 
26 

27  

243 
39 
30 

31 
C 
C 
C 
C 

32 

33 
34 

42 

43 
A44 
c 
C 
C 
c 

35 

36 

C 
3 1  
3 8  
3 9  
c 
c 
c 

C 

34 

I F  ( H P U L T )  1 . 2 3 ~ 2 4  
HMULT 10 e 1 3  

I F  (HEXP)  1925.26 
HEXP=O 0333 

DO 30 J=AoN 
I F  (X(J ) -RCONST)  27.27.28 
XL-0 I A 
GO TO 29 
XL=O I A 
TTT ( J  )=Tb(  J )  
CALL h C O E F f  ( T (  J 1 * T T T (  J) *PDATA(  1) v X L  rH(  J )  *PRAM (J )  ~ Z C O N S T T H M U L T  *HEX 

COhT I k U E  
1PoXMOLEC) 

S T E P-3- 
COMPUTE I N I T I A L  VALUES OF UOUTT O I N .  P AND OPOT 

OOUT=COUTC(lJ 
3 1 h  =-CIND( 1) 
P = P D A T A ( l )  
YhCLD-P 
t F  (HPCATA-1) 1932.33 
PP-P 
GC TO 36 
CALL INTERP (P0ATA.T IHEZ.MPDATA*Tl  WE9PP) 
DPDT=( PP-P) /UT 
I F ( C G G 0  - 00 bA44~144.42 
DO 43 J=l+hi 
CALL INTERP (TWBKTDISTI.WTBAK.X( J)  *TUB( J ) 

CALL INTERP (TWCU oUISTBTMTCU, X L 3 )  TYC( J 1 ) 
C A L L  INTERP ( T S T N O O I S T ~ . M T S S T X ( J ) ~ T S T ( J ) )  
CALL INTERP (TWCLL T D I  S ~ ~ T M T A L T X  ( J  T A L S (  J ) )  
COhT IlrUE 

STEP-4- 
COWPUTE I N I T I A L  VALUES OF C O H P R E S S i 6 I L I T Y  FACTCR AND D E R I V A T I V E S  

S T EP-5- 
CCUPUTE I N I T I A L  UALUES OF LOCAL ULLAGE GAS VELOCITY 

P X  = P C P T A ( 1 )  



40 

C 
C 
C 
c 
C 

41 

C 
C 
C 
C 
C 
C 

t c  
t 
c 

STEP-6- 
F I N O  GAS I N  ULLAGE AT T I N E  ZERO BY I N T E G R A T I N G  DENSITY 

GASA=( o5*AREA( 1 I / (  T i  1 l * Z  ( A 1 I +  ( *S*AREA( N) ) / 4 T (N ) * Z  (N) 1 8  
NTEMPrN- 1 
00 4 1  J r Z t N T E M P  
GASA=GPSA+AREA( J ) / T (  J ) / Z I  J )  
GASA=Gb SA*C4*P 
G S T I R T - G I S A  

STEP-7- 
WRITE P R o e L w  IOENTIFICATION ANO INPUT DATA 

WRITE (6.1022) 0 1  

I F  4 UNUWS) 2509 2 5 1  t 250 i 

250 C U I T I k U E  
GSTART = GSTART * 045359237 
WRITE (6.2015) GSTART 
G S T P A T  = G S T A W T / - 4 5 3 5 5 2 3 7  
0 = 0 * 105403503 
Y R I T E  (6.20501 0 
0 = 0/1054~3503 
ThKWT = TNKYT * -45359237 
Y R I T E  (6.4000) TNKUT 
GO TO 44 

7 5 1  C t h T l E t U E  
# R I T E  16t1015) GSTART 

Y R I T E  (6.1050 ) 4 
W R I T E  (6.30001 TNKkT 

C 

C 

C ******************** 
c 

4 t h  = G I N D I l l  
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c 
C 
C 
C 
C 
44 

C 
C 
400 

c 

45 

46 

4 50 

460 
C 
47 
48 

49 
C 
C 
C 

50 
125 

5 1  

57 

53 

8 E G I k  H A I h  PART OF CALCULATION 

STE P-8- 
F I N D  TEMPERATURES A T  NEr l  T I M E  

COhT i hUE 
GALL INTERP ( T G P S . T I M E l . M T G A S . T I M E I T P (  1))  
CALL INTERP ( T S ~ T ~ T I W E 4 . H T S A T . T I M E ~ T P ( N + l ) )  
CALL I hTERP t T8ULK.T IME5.  HTBULK. T I ME r TUP 4 N+i ) ) 

80UAD=C3*( 1 .O+V( J I*OT/OX-O4)-TU( J)-01 
C 0 U P D = - C 3 * ( T ( J l + V L J ) * O T / O X * T P ( 3 - 1 )  ) 

R X 1  = -8OUAC/2. 
O l S C  = R X l * P X 1  - COUAO 
IF( 0 I SC )45*4!5* 46 
R O C T A X  0.5 * L T ( J 1  + T P ( J - 1 ) )  
TP4.I) = R O C T l  
GO TO 47 
R X 2  = S O R T l D I S C I  
R O C T l  = R X 1  + RX2 
IF (ROGTI )45C.4509460 
T P ( 3 )  = 0.5 * ( T ( J )  + l P ( J - i ) )  
GO TO 47 
T P L J )  = ROOT1 

TWP ( J h =  4 TW ( J )+ ( 02-10 )*TP ( J )+D 1 ) / 0 2  
CCNT INUE 
00 49 Jt2.h 
01=C5( JWOT*OOUT/CPY( J) 
02s 1 .O+C5( J )*OT*H ( J  
C O N 1  I N U E  
S P E C I F I C  HEAT OPTION F O L L O b I N G  STATEMENTS 5 1 r 5 2  IS USED WHEN THE 
TAhK C I O  IS (18-8) STAINLESS STEEL. THE EOUIVbLENT THICKNESS 
FOR Tk€ L I D  MASS IS CONCENTRATE0 I N  THE F I H S T  MOLUME ELEMENT. 
I f ( s P h S S  - 499.0)53 .50 .50  
I f ( T k ( 1 )  - 7500)125*51r51 
CPhtA) = 00010 
GC TO 53 
I F ( T w l A )  061. 2200)GO TO 52 
CPh(ll= 0.000418* T U 4 1 1  - 0.0203 

Y = ( T k ( l 1  * 220*)/126.61 
C P h ( 1 )  = ((0.0018 * W - 000127)*+k + 0003741*k  + 0.071 
C S (  1 )=A 0 0 / (  T I C K (  1 )*SPYSS 1 

/CPW 4 J b 

GO TO 5 3  

C 9 ( 1 ) = X P f * O X * D I P * T I C K L 1 ) * S P ~ S S  
Ol=C5(A)*DT*OOUT/CPW(A) 
DZ=A.O+C5( A )*DT*H ( 1) / C W  ( 1 )  
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C 
T Y P ( 1 ) = 4 T k 4 1 ) + 4 02-1 

C A L L  INTERP ~ ~ ~ U T O ~ T I M E ~ . M ~ ~ U T I T I H E I O O U T )  
C A L L  INTFRP ( O I h O r T I M E 7 r  MU I N ,  TIME, OXN) 

0 )  *TP ( A 1 + 0 A) /O 2 

GO TO 54 
C 
5 4  
5 5  

c 
5 6  
t 
C 

57 

5a 

152 
5 9  I 

60 
122 
C 

61 

151 

62 

63 
123 
C 
C 

I F  (MPCAT4-1) l r  5 6 r 5 5  

C A L L  INTERP 4 P0ATA.T [ME29 MPCATAITIHE r P  ) 

CALL INTERP ( P D A T A + T I W E ~ . ~ F D A T A I T I M E P ~ P P )  

PHCLD-P 

T ICEP=TIME+DT 

DPOl=( PP-P&/OT 

CChT IlvUE 

STEP-9- 
EVALUATE ENERGY TRANSFER TO INTERNAL HARDCJARE 

NOTE- CP-SPECF hEAT, 8K-PHENOLIC* CU-COPPER. ST-STAINLESSt  AL-ALUM 
PhENOAIC SPECIFIC h E A T  DATA ESTIMATED FROM TPRC PUB- VOL b P T -  I 1  

(THEWWOPHYSICAL PROPER1 IES RfSEARCH CENTER-PURDUE U N I V o )  
00 60 Js1.N 
IF 4 TP 4 J 1 - 
T e t J I  = T P ( J )  
GO TO 60 

T T T  (J )=TWB(  J) 

T k B  ( J 1 ) 569 58.152 

CQBK(J )  f 00000664 * T h l 3 t J )  

C A L L  kCOEFF ( T ( J l r T T T (  J).P.XLtH( 3)  ,PRAM( JJ~ZCO~STIHMULTIHEXPIXHOLE 
1c ) 

T E ( J ) = I - ( J ) * P 8 * ( T I  J ) -TWB(J )  ) / (YTB*CPBK( J ) ) * D T + T k B ( J )  
D 0 1 = 0 0 A + H ( J l * A B * ( T ~ J ) - f Y B ~  J ) ) * O T  
CChT IhbE 
I F ( A 1 C  -EO- 001 GO TO A23 
CURVE f IT-COPPER SPECIFIC h E A T  DATA FROM WAOO TECH REPT 60-56 1960 
DO 63 J11.N 
I F I T P ( J &  - T Y C ( J l ) 6 1 . 6 1 r A 5 1  
T C ( J )  = T P ( J 1  
GO TO 63 
U ( T k C ( J J  - 25001/1250 
C P C U ( J )  = 4(000021*W O o 0 2 ) * Y  + 00066831 *U 
T T l ( J ) = T k C (  J) 
C A L L  HCOEFF l T (  J ) r T T T ( J ) . P . X L r H ( J ) r P R A M ( J ) , Z W ~ S T I H n U L T , H E X P . X M ~ L E  

1C ) 
T C ( J ) = H ( J ) * A l C * ( T ( J ) - f U C ( J ) ) ~ ( ~ T l C * C P C U ( J ) ) * D T + T ~ C ( J )  
002=002+H( J )*A AC*( TL J )-TWC 4 J ) ) *DT 
CGhT IhrUE 
I F ( A 3 S  o E 0 -  0 . )  GO TO 124 
CURVE F I T  (18-81 STAINLESS STEEL SP HEAT FROM SCOTT CRY0 ENGR. - 
00 66 Jz1.N 

00 VAh-  NOSTRANO 
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1 35 
A 30 

1 3 1  

133 

t4 

6 5  

66 
174 
C 

10 

1 5 3  
6 7  

68 

69 
71  

72 
124 
73 
C 
c 
c 
C 

7 4  

200 

35 
7 6  
c 
t 

38 

71 

CALL k C O E f F  ( T i  J ) * T l T I  J J . P r X L s H t J ) r P R A H (  J)rZCOhSTrHMULTrHEXPIXHOLE 
IC ) 

T I  ( J 1 =H t J )*A3S* ( T ( J  )-TST ( J ) I / I kT3S*CPST ( J) ) * DT+TST 4 J ) 
OQ3=003+h(  J J*A3S*LT( J ) -TST( J ) 1 *UT 
CChl lhUE 
t f ( a 5 8  -EO. 0.1 GO TO 126 
CURVE F I T  CF  AL. ALLOY 6 0 6 1 - T 6  S P E C I F I C  HEAT DATA FRCH TPRC 
OG 72 J=lrh,  
I F ( T P ( J J  - T A L S ( J ) J 7 0 * 7 0 , 1 5 3  
T B C t J )  = T P ( J )  
GO 10 72 
I f ( T A L S ( J )  7000)67*68r68 
C P P L ( J I  = 0.000397 * T A L S t J J  - 0.013 
I k I T A L S ( J )  OLTI 3 6 o O I C P A L (  J)=0.0012 
GO 10 69 
k = ( T A L S ( J I  - 70.J/113.5 
C P A L t J )  = t(O000334*W - 000351)*& + 0013666)*W + 0.015 
I f ( T A L S ( J 1  .GT. 5 4 0 0 )  C P A L t J )  = 00112 
CGtrT I h L E  
TTT ( J  ) = T A l S t J  1 
CACL hCOEF f 4 T I  J ) r T T T  L J) * P  *XLIH( J )  .PRAM( J) r ZCOhSTr HHULTr HEXPIXMOLE 
IC) 
T H C ( J ) = H ( J ) * A S B * t T ( J ) - T A L S ( J ) J / ( U T 5 ~ * C P A L ( J )  )*DT+TALS( J J  
D04=004+H(  J J*A 58+ ( T  4 J )-TAL S i  J B )*DT 
CCNT I h U E  
Q I N  = ( D O 1  + 002 + 003 + 004)/ ( T I M E  * X ( N ) )  
COhT IhUE 

STEP-10- 
F IN0 C O U P R E S S I ~ I L I T Y  FACTORS AT NEW T I M  



c 
c 
C 

C 

77  

C 
C 
C 
C 
C 

78 

C 
C 
C 

79  

C 
C 
C 

C 
C 
C 
C 

no 
t 
C 
C 
C 
C 

a i  

STEP- I  1- 
F I N O  V E L O C I T I E S  AT NEh T IME 

STEP- 12- 
F I N C  HEAT FLOCJ RATE TO WALL AN0 TOTAL HEAT ADDED TO WALL 

FINO GAS FLOM RATE AND TOTAL G A S  AOOED UP i a  THE  NE^ TIME 
GASB=Om5*AREA( l ) / T P ( 1 ) / Z ( ~ ) + O ~ 5 * A R E A ( N P ) / I P ( N P ) / Z ( N P )  
00 79 Js2.N 
GA SB=GASE+AREA J ) /TP (J  1 / Z  4 J 1 
GAS f)=G A S0*C4*P 

NOTE GASCHECK CALCULATION BASE0 ON CROSS S E C I O h  AT NET P O I N T  =5 

G SR AT E= A8 S 4 4 GAS B- GA SA ) 10 T ) 
G A S = G A  SB-GSTART 
GISCHKtGASCHK+0.2%( VL S)+VHOLD) / (CB/AREA(5 )  ) * D T * ( P H O L O / Z H O L O / T ( 5 ~ +  

l P f Z 4  5 )  /TP(  5 ) )  

STEP-13- 
f I N 0  S P E C I F I C  HEATS A T  NEU TIME 

ST E P- 14- 
F I N O  HEAT TRANSFFR COEFFIC iENT AT NEH TIME 

I f ( TICG)82* 82.81 
XL=2*O*RAO(k+ l )  

C A L L  h C O E F f  

H3CI=H(k*l)  

T T T ( N + I ) = T P l N + l J  
( TAODITTT (N+ A ) e P  r X L  rH L N+1)  r PRAM( N+ 1) ~ZCONSTI  HWULf r HEXP 

1 . x c l n L E c  1 

300 HSUR = H2H * o14 /hMULT 
U T R ~ H S U R * A R E A ~ N + l ~ * ~ T A O O - T P ~ N + ~ ~ ~  
COTR=C QTR+OlR*DT 
GC TO 83 

87 OTW=OoO 
63 I F  (HCCNST) 1.84.89 
84 CChT I h U €  
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or 88  J=A.NP 
I f  (X(J ) -RCONST)  85.85 .86  

r. I N  TURBULEhT HALGE HEXP = 0.333. CHOICE OF X L  IS I M M A T E R I A L  
E 5  XL=CIP 

GG TO E 7  

87 T T 7 (  J ) = T l r P ( J )  
E6 XL=C I a 

CALL hCOEFF ( T P ( J ) . T T T ( J I I P I X L ~ H ( J ) ~ P R A M ( J ~ V ~ C ~ N S T V H M U L T V H E X P ~ X M O L  
1EC) 

I F  (TPi.EC.0.) GC TO 88 
YBEXPO = EXPI-0.00117 * CAR40**2*X(J)  1 
U ~ S O = D l C / C 4 R A D * * . 2 * ( G S R A T E / A O I F U ~ * * . 8 * P R A ~ ( ~ )  

88 H ( J ) = h (  J )*TRI+&HSO*YBEXPO*TRZ 
C 
89 COhT IhUE 
C 
C 

[ T E R 1  = I T E R 1  + 1 
I F  4 I T E A A - I W R I T L )  92~91.91 

91 CALL k R I T E 2  

c. 
C 
C 
t CttECK TO SEE I F  END T I H E  HAS BEEN REACHEO 
C 
92 I F  ( T I C € - E N D T I M )  93.98.98 
93 TYWE=T IME+Df  
t 
C EN0 T I M E  NGT REACHED - PREPARE FOR ANOTHER STEP 
C 

I T E R A = O  

ST E P- 1 5- 

CALL INTERP ( F L O ~ ~ T I M E ~ V M F L O ~ V  TYMEvFLOUP) 
VP=FLOYP/AREA( NP) 
nr = O X / ( U ( N P ) + U P )  * 2. 
TIC IE= l  IWE+Of  

C 
DO 94 J=l.NP 
T ( J ) = T F ( J )  

94 TIJ(J)=TWP( J)  
I F  (GOOC )97 V F ? V  95 

95 00 96 J s I r N  
TUB( J)=TR( J b 
T & C ( J ) = T C ( J )  
T S T ( J  )=T2(  J J  

T b B ( N + I ) = T b P ( N + l )  
T Y C  ( N + 1  J = f b P (  N + l )  
TST ( h+ 1 )=TkP 4 N+ 1 ) 
T A L  S ( h + 1 )=T YP 4 N+ 1 4  

96 T A L S (  J ) = T B C L J I  

97 CCAT l h U E  
C 

N=h +1 
NP=NP+ 1 
Clr=EN+l .O 
GbSA=C-ASR 

C 

6C TO 44 
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C 
C 
c 
C 
C 
C 
99 

C 

99 
C 

C 
C 
C 

C 

C 
c 
C 
C 
C 
c 
C 
C 
C 
A 00 
101 

102 

STEP- A 6- 
END T I M E  EXCEEWC - INTERPOLATE C O N O I T I O h S  A T  END T I M E  

R I T  In= ( ENGT I W - T  I WE+DT J /DT 
T IME=ENDT I M  

O=C-OC+RAT 10*00 
G A S = G b S - G b S B + G A S A + R A T I C I * ~ G A S A )  
G A SC HK=GA SC tr K- Gb S &+GO S A+R A T I O* ( G A S 8- GA SA J 
X i  hPJ=XLN)+RATfO*DX 

STEP- 1 7- 
& R I T E  OUT RESULTS REFER TO SUBROUTINE M I T E  2 

C A L L  h R I T E 2  

GO TO 1 

***** * *** *********** 

FORMAT STITEIJENTS 

FORMAT (1Hlr30Xa24h TANK E X P U L S I O h  PROGRAW/lHJ) 
FORMAT (80H 

1 ) 
FORMAT (8F10.0) 

103 FClRCIAT ( F l O o O J  
1015 FORMAT ( 1 H K r 2 3 H  I N I T I A L  ULLAGE G A S  = F603r5H L B S )  
1022 FORMAT ( 1 H K r  Z 7 H  I N I T I A L  T I M E  INCREMENT z f 6 o l r 9 H  SECONDS) 
1050 F O R M A T  ( 1 H K -  25h I N I T I A L  HEAT TO HALL = F 7 o l r  5H B T U I  
2015 FORMAT ( I H K a 2 3 H  I N I T I A L  ULLAGE GAS = F603~10H KILCGRAMJ 
2050 FORMAT ( I h K r  25h I N I T I A L  hEAT TO CrALL = € 1 1 0 4 .  7H JOULE) 
3000 FORMAT ( 1 H K r  29H THE TANK k E I G H T  LESS L I D  = F7.1. 5H LBS) 
4000 FflRWAT ( I H K r  29h THE TANK M f l G H 7  LESS L I D  = F7oLrlOH KILOGRAM) 

END 
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APPENDIX C 

LISTING OF RAMP PROGRAM 

C 
C 
C 

C 

C 
C 
c 
C 
C 
C 
C 
c 
C 
1 

2 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
c 
C 
C 
C 
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T H I S  IS THE PRESSURIZATION M A I N  PROGRAM * ***********e ******* 
D IF’ ENS ION TGA S ( 10 0 1 9 T I  ME 1 ( 100 1 PD ATA ( 100 ) 9 T I  M t 2  ( 10 0 1 p F LOW ( 2 5 1 9 

1 T I M E 3 ( 2 5 ) ,  T S A T ( 5 0 1 ,  T I M E 4 t 5 0 1 ,  T B U L K ( 2 5 ) p  l I H E 5 ( 2 5 1 ,  COUT-D125)t  
2 T I Y E 6 (  2 5 t .  O I N D ( 2 5 ) ,  T I M E 7 ( 2 5 t t  Z A V ( 2 5 0 )  p T W I N D ( 1 0 0 ) r  D I S T l ( 1 0 0 ) r  
3 T G I N D ( 1 0 0 ) ,  D I S T 2 ( 1 0 0 1 ,  X ( 2 5 0 ) ~  T ( 2 5 0 ) r  T P ( 2 5 0 )  9 T W ( 2 . 5 0 ) ~  T W P ( 2 5 0 1  
4, V ( 2 5 C ) p  V P ( 2 5 0 1 ,  C P ( 2 5 0 1 ,  C P W ( 2 5 0 ) ,  H ( 2 5 0 ) ,  Z ( 2 5 0 ) r  Z 1 ( 2 5 0 ) 9  2 2 (  
5 2 5 0 ) p  H A D ( 2 5 0 ) v  A R E A ( 2 5 0 )  9 Y R A D ( 2 5 0 ) ,  XRAD(Z5O) 9 D R C X ( 2 5 0 ) p  T E S T ( 2  
6 5 0 )  

DIYENSION C 5 ( 2 5 0 ) ,  C 9 ( 2 5 0 ) ,  Y T I C K ( 2 5 0 )  9 X X T ( 2 5 0 1 ,  T I C K ( 2 5 0 1 ,  X R ( 3 )  

X,T,TP, TWvTWP, VICP ,CPWrTGAS, i I M E l  ~MTGASI  PDATA,TIMEZ,NPOATAt 
LFLCIW, T IME3, MFLOW, TSAT 9 T I  ME4,HTSAT, TBULK, T I  ME5 p MTRULK, QOUTDvTI  M E 6 9  Y 

1, A Q (  3 )  
COMMON 

ZQOUT, Q I N 0  ( T I Y E 7  ,MQI N, N 9 NP ,XN (ULLAGE ,RAD I U S p T L  ID tS PW GT C X  POLEC, GSTAH 
3 T  ,YCONST,TIME,GAS,O,GASCHKpGSRATE ,DT,  ZCONST,4 rHCULT rHEXPtY  RAOpXRAD 
4 9  M R A D r  CQ,QIN,UNUMS,TWIND,DISTl,MTWI N,TGINDpDI ST2 ,MTEINpDIAg  
5T ADCp Y 1 ICK X X  T r  MT IC K 

* *+ o* * *** ** ****** *** 

READ 3 CARDS OF PROBLEM D E S C R I P T I O N  AND WRITE OUT. THERE 
MLST BE THREE CARDS USED, ALTHOUGH ANY OR A L L  OF THEM MAY 
BE BLAQK. LEAVE THE F I R S T  COLUMN OF EACH C A R D  BLANK AND 
ENTER 4NY INFORMATION I N  COLUMNS 2 TO 300 

WRITE ( 6 ,  1061 
DO 2 5-193 
R E A D  ( 5 ,  1 0 7 )  
WRITE ( t r  1 0 7 1  

T F  IS IS THE PRE SSUR I Z A T I  ON PROGRAM 

NOMENCLATURE FOR I N P U T  DATA 

XNI 
3 UTPUT 9 

ULLAGE, 
RADIUS, 

SPWGT, 
SPWSS, 
ENDTIM, 
X MO LE C 9 

Z CONST 9 

NUMBER OF NETPOINTS A T  T I M E  ZERO (MUST B E  3.0 OR MORE) 
NUMBER OF T I M E  STEPS TAKEN BEFORE EACH OUTPUT 
I N I T I A L  ULLAGE LENGTH, FEET (CANNOT BE ZERO) 
TANK RADIUS, - SPECIFY WHEN TANK I S A CYL INDER 
THE PROGRAY THEN ASSUPES SPHkRICAL END SECTIOhSo 
I F  R A D I U S  = 0.. THE R A D I U S  I S  INTERPOLATED BASED CN THE 

PROGRAM I F  R A D I U S  = -1 9 THE TANK I S  A SPHERE. 
TANK RADIUS ( V S  D I S T A N C t  FROM TOP) DATA PEAD I N T O  THE 

TANK WALL S P E C I F I C  WEIGHT 
S P E C I F I C  WEIGHT OF TANK L I D  MATERIAL  
T I M E  TO COMPLETE THE HOLD PERIOD 
MOLECULAR HEIGHT OF PRESSURIZ ING GAS 
C O M P R E S S I B I L I T Y  FACTOR (1. FOR I D E A L  GASIBLANK FGR REAL)  



t 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
c 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C 

C 
C 
C 
C 
C 

HC3NST 9 

D T t  
ENORM P t 
D I A ,  

p 1, P 2 r  
P 3 t P 4 ,  

CVL Nt 

HMULT 9 

HEXP, 
T L I O  

UNUMS 9 

HEAT TRANSFER COEFF- (BLANK I F  H I S  TC! BE CALCIJLATED) 
RTU /HR /SQ OF T o  /DEGo F. 9 e WATTS/ SQ. H/ DEC K 
I N I T I A L  T I M E  STEP (SECONDS) 
T I Y t  TO COMPLETE THE RAMP PERIOD (SECONDS) 

S P E C I F Y  D14METER ON VERTICAL A X I S  WHEN TANK IS S P h E R C I D  
T l Y E  COORDI NATES1 SECONDS) ALONG THE PRtSSURE RISE CURVE: 
THESE CONTROL THE I N I T I A L  SELECTION OF THE T I N E  STEP 
SEE EFN STATEMENT 96 ET CETERA FOR S I G N I F I C A N C E  

THE TANK END SECTIONS MUST BE DEFINED, 

DIAMETER WHEN THE TANK I S  A SPHERE, OR CYLINDER. 

WHEN RADIUS I S  S P E C I F I € D ,  THE C Y L I Y D R I C A L  LEKGTH BETWEkN 

I F  HCONST IS BLANK H H I L L  BE COYPUTED fROW THE EQUATION 
H = HMUtT*COND /XL*( NUSSfLT*PRANDTL)**HEX P 

CONSTANT I N  ABOVE EQUATION (0.13 IS USE0 If LEFT BLANK) 
COFiSTANT I N  ABOVE EQUATION (0.333 IS USED I F  LEFT BLANK) 
THE MASS OF THE TANK L I D  AND FLANGE M P D f  EQUIVALENT 
TO THE F I R S T  WALL THICKNESS 
S P E C I F Y  GREATER THAN 00 T O  PROGRAM I N  SI U V I T S  

CROUP I DATA RAMP OATA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
1 YCONS T 9 D I A , ZCON ST t HMUL T 9 H E XP 9 SP W SS 1 DT 

NAM EL I S T  / PARAHS / XN,OUTPUTvULLAGErRAOI US rS  PWGT 9 E b D T I  C t X  POL ECp 
E NDR MP, PM 1 9 P Y2r P P 3  r P M4 CY LN, 

ZUNUMS 
READ ( 5,PARAMS) 

CROUP I 1  OATA RAMP DATA CONTINUED *************** **************** 
NAYEL I S T  / I N P N T S  4 MTGAS,MPDATA*MFLOW,MTSATt MTRIJLKrMODUTr w Q I N r  

R EA0 ( 5 1  INPNTS)  
NAYEL I S T  / OTPNTS / MTGAS,YPDATA,MFLOW,MTSATtMT8ULK,MQOUTr CQIN,  

WRITE (6,OTPNTS) 
N A Y E L I S T  / TABLES / 

1 Y  TW I N  9 H T G I N r  MRADp HT IC K 

1H TU I N  9 MT G I N  v MR AD 9 HT I C  K 

1 TGAS 9 T I M E 1  PDATA p TIME2 t FLOW t T I E 3  9 

2 TSAT 9 TIMk4 p TBULK 9 TIME5 9 QOUTD v T I P E 6  t 

3 QIND 9 T I M E 7  9 TWIND 9 D I S T 1  9 TGIND 9 O I S T 2  I 

4 YRAD 9 XRAD 9 Y T I C K  r XXT 
READ (5,TABLESB * ***** *+************ 

PREL I M  INARY COMPUTATI ON 

GSTARf=O.O 

LOOM=O 
ITER1=O 
Q=O. 
GASCHK=C , 
T I C K (  11=VTICK ( 1 ) 
T L I O = T I C K (  11 
CALL W R I T E 1  

T IMY=O 00 
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C 

3 3  1 

r. 

C 

3 

C 
c 
C 
C 
C 

4 

5 

6 

7 

8 

9 

48 

IF(IJNUMS .EQ. 0.  1 GO TO 301 
CPLL S I N T S  
CON T I N  L E 
TPP=1  
X P I =3 1 4  159 
R. =1545.4 
x 3 4 Y = 7  78  12 
HCPNST=kCONST/3600. 

N =XN 
N P = N + 1  

I W K  ITE=OUTPUT 
C HfCK=FLOW( 1) 
DETY=DT 

DX=ULL AGE/( XU- 1.0 1 

C 8=R/XMOL fC 
C 3 = t X * C 8  

C 2=C 1 / XJAY 
C 4=CX /C8 

C 7= C8 / X J A Y  

C L = C 3 /  2 

C 6= 2. * C 8 
UWTP = 2 oO*XP I*DX*SPWGT 
Df l  3 J=2,250 
X JT ICK-J -  1 
X ( J  I=DX*XJTICK 

C 5 (  J 1 =loo/( T I C K (  J )* SPWGT) 
C 9 ( J )  = UWTP * T I C K I J I  
X(1 )=0 .  

CALL INTERP ( YTICK,XXT,HTICKvX(  J ) , T I C K (  J) 1 

STEP- LA- 
MAKE GEOMETRY CALCULATIONS 

I F  I R P C I U S I  1 2 , 4 9 6  
DO 5 J = i r 2 5 0  
XJTEYP=J- 1 
CALL INTERP (YRAD,XRAD,MRADvX( J l  ,RAD( J)  1 
A R E A (  J )=XP I * R A D (  J )**2 
R A D ( l l = P A l 7 ( 2 )  
A R E A (  1 l=AP E A (  2 1 
GO TO 16 
C ON T I N UE 
00 10 J=2,250 
IF (X(J)-DIA/Z.I 7,8,a 
R AD(  J ) =SORT( 0 I A * X  ( J I-  X ( J 1 ** 2 1 
A R E A (  J )=XP I *RAD1 J 1**2 
GO TO 10 
I F  ( X ( J ) . G T . ( C Y L N + R A D I U S I I  GO TO 9 
R A D (  J )=RADIUS 
A R E A (  J )=XP I * R A O  ( J  1**2 
GO TO 10 
PLEG=X( J b C Y L N - R A D I U S  



10 
1 1  

C 
12 

13 
1 4  
15 

C 
16 
c 
C 
C 
c 

C 
C 
C 
C 

C 
C 
C 
C 
C 
17 
C 
C 
C 
C 
C 

C 
18 
19 

C 
20 
2 1  
c 
2 2  
23 
C 
2 4  

2 5  
26 

I F  ( P L E G o 6 E o R A D I U S I  GO TO 11 
R A 3  ( J I = 5 QR T ( R AD I U S* * 2- P LE G ** 2 I 
ARFA( J ) = X P I * ? A D ( J  1**2 
CONTINUE 
RAD( 1 !=RAD( 2 1  
AREA(  1 )=AREA( 21  
GO T3 16 

DO 14 J - 2 9 2 5 0  
X J T E Y P z J -  1 
I F  ( X ( J  k D I A 1  1 3 9 1 3 9 1 5  
RAD( J 1=SQRT(D I A * X  ( J  I - X (  J l**21 
AREA( J )=XPI *X  ( J  I* ( D f A - X t J )  I 
AREA( 1) =AREA( 2 1 
P.AD(1 ) = R A D ( 2 )  

CON T I N U E 
THE N E X T  3 CARDS ARE SKIPPED SINCE THE FLOW DATA IS Z k R C  I N  RAMP 
DT=GX*AREQ(N )/FLOW( 1) 

DT= DX* A R E A ( N ~ / ( F L O W ( 1 ~ + F L O ) * 2 0 0  
T I Y E = C T  

CALL I N T € R P (  FLOW, T I Y E 3 t M F  LOUpDT9FLO) 

STEP- 18- 
COMPUTE I N I T I A L  WALL AND GAS TtiMPERATURES 

DO 17 J x l r N  
CALL INTERP ( T W I N D ~ D I S T l , M T W I N ~ X ( J I  9TWI J) 1 
CALL INTERP (TGINDpDIST2~HTGIN~X(Jl~T(Jl) 

STEP - I C -  
COMPUTE I N I T I A L  VALUES OF S P E C I F I C  HEAT 

C ALL SPk EAT ( 7 (  J 1 pT W (  J 1 9 CP ( J) t C  PW( J 8 9 XMOLEC 1 

STEP- 2- 
COMPUTE I N 1  T I A L  VALUES OF HEAT TRANSFER C C t F F  I C  I EKT 

I F  (HCCNST) 1 9 2 0 9 1 8  

00 19 J = 1 9 2 5 0  
H( J )=HCONST 
GO T3 2 6  

I F  ( H M L L T I  1 9 2 1 9 2 2  
HMULT=C 13 

I F  ( H E X P )  1 , 2 3 9 2 4  
YEXPsO 0333 
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c 

C 
C 

C 

r, 
27  

c 

- 
L 

2 8  

C 
2 9  
35 
3 1  
C 
C 
C 
C 
C 

C 

3 2  

C 
3 3  
3 4  

C 

3 5  

C 
C 
C 
C 
C 
36 

50 

STEP- 3- 
COMPUTE I N 1  T I  AL VALUES OF COMPRESS1 51 L I  TY FACTOR PNC) 

I T S  DER1 VAT1 V t  S 

I F  (ZCCNST) 1 9 2 ’ 3 9 2 7  

STEP-4- 
I N I T I A L  I Z E  VALUES FOR QOUTV Q f l v r  P AND DPCT 

I F  (YPCATA-1)  1 , 3 2 9 3 3  
P P=P 
GO TO 34 

CALL INTERP ( P D A T A , T I M E 2 p M P O A T A 9 T I M E I P P )  
DPDT=( PP-P ) / O f  
DPDTP V=DPDT 

STEP-5- 

COMPUTE I N I T I A L  VALUES OF L O C A L  ULLAGE G A S  VELOCITY 

V ( V  )=FLOW( l ) / A R E A  (N) 
N TEMP =N- 1 
00 37 l = l ( N T E M P  
J =N-L 
C 12=DX*( ( CRDX ( J+ 1 )+OR O X  ( J 1 1 / (RAD ( J+ 1 1  +RAD ( Jl  1 1 
C 10=H( J ) + Z 1 (  J ) / (P*RAD ( J ) * C P (  J) 1 
C 11=SQRT( l oo+(  (DRDX ( J  +L)+DRDX ( J )  /2 1 * * 2 )  
VA=C3*C lo*( TW( J 1- T( J )  ) *C 11+ ( C 1  /AREA( Jl 1 * Z 1 (  J) *GIN/  P/CP ( J) + ( C2*Z 1( J 

1) * *2 /CP(  J 1-o5*DX*Z2(J  1 I * D P D T / P / Z (  J) 
V A = V A / (  1 0 0 - C l 2 l  
K = J + 1  



3 7  

r: 
C 
C 
C 
C 

38 

C 
C 
c 
C 
C 
L 
C 
C 

2 50 

2 5 1  

C 

C 
120 
C 
C 
c 
C 
C 

c 
c 
C 
C 

3 9  
C 

STEP- 6- 
F I N D  GAS I N  ULLAGE AT TIM€ ZERO BY INTEGRATING D E h S I T Y  

C ASP=OoS*AREA ( 1 1 / T (  1) /Z ( 1) + O e  5*AREA( N )  / T  I k l  / Z  ( N  1 
N TEMP =N- 1 
DO 38 J=Z,NTLMP 
G A S A =  C-ESA+APEA ( J 1 /T 4 J 1 / Z 1  J) 
G AS A= G A  SA*C4*P 
G ST PP T = C A SA 

* *+*** **e**** **** ** * 
STEP- 7- 

WRITE PROBLEM I D E N T I F I C A T I O N  AND I N P U T  DATA 

I F( UNUMS 1250, 2519 2 5 0  
CON T I N  LE 
GSTART = GSTART * e 4 5 3 5 9 2 4  
WRITE (C92015) GSTART 
GSTAR T = GSTAP T / e  4 5 3 5 9 2 4  
Q = Q * 1054 .3503  
WPITE ( 6 , 2 0 5 0 )  Q 
(3 = Q / 1 0 5 4 o 3 5 0 3  
GO TO 1 2 0  
COY T I  N L E 
WRITE f 6 ~ 1 0 1 5 )  GSTART 

WPITE (6,1050 1 Q 

COY T IN b E  
************+******e 

@ € G I N  M A I N  PART OF CALCULATION 

I N I T I A L I Z E  AN ESTIMATL:  FOR T P ( J )  

N J=N- 1 
DC 39 K I = l , N  
T P ( K I  ) = T I K I )  
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C 
C 
C 
40 

C 

c 
r 

I 41  

I C 
4 2  
c: 
C 

4 3  

4 4  
45 

S T  EP- 8- 
F I N D  TEMPERATU2ES A T  NEW T IME 

CALL INTEPP ( T G A S ~ T I M S l , Y T G A S t T I M € ~ T P ( l ) )  
CALL ( TSAT 9 T I  ME49 YTSAT 9 T I  ME 9 TP (N 1 1 
CALL INTERP ( T B U L K v T I  M E 5 r M T B U L K t T I Y f r T W P ( N l  

I NTFP P 

K STPf?=C 
7 M 1 L D = Z ( i )  
v m L D = v (  2 I 

F I N D  MISCELLANEOUS OUANTI T I E S  AT NEk T I  ME 

CALL INTEFP ( 0 0 U T D , T I H E b p M Q O U T ~  TIME 9QOUT) 
CALL INTkRP ( O I N D , T I M E ~ ~ Y Q I N T T I M E , Q I N )  
Q I N  = -0IN 
I f  (YPCATA-1 )  1 ~ 4 2 ~ 4 1  
PHOLD=P 
CALL 
T I Y  EP =T IYE+DT 
CALL INTEFP ( P D A T A ~ T I M E ~ ~ M P D A T A I T I  HEP#PP)  
DPDT=( P - P W L D  3/DT 

INTEPP ( POATAT T I  ME29 MPDATA. T I  ME t P I  

CON T I N  LE 

IN I T I A L  I ZE AN E S T I H A T E  FOR VELOCI TY 
DO 45 J z 2 t N J  
I F ( DP CTPV-0- I 43 t 439 4 4  
V ( J ) = V ( J )  
GO TO 4 5  
V ( J  )=V  ( J  I*DPDT/DPDTPV 
CON T I N L E  
QPDTPV=OPDT 

C 
K LAMP=O 

C 

46 
I STAR = C  
C OU T I N CE 
00 54 J=29NJ  

C 
D l = C 5 (  J I*DT*QOUT/CPC( J )  
D 2= 1 0 +C 5 (  J )*DT*H ( J  1 /C PW( J) 
D 3 = 0 2 / (  ( C 6 / R A D (  J) l * H (  J)*Z 4 J ) * D T / P / C P (  J) 1 

0 4 = ( C 7 * Z l ( J ) * D P D T + ( C 8 / A H E A (  J )  ) * Z (  J ) * Q I N I * D T / C P (  J ) / P  
G 1=03-C3*04-TW( J I -D 1 
GZ=C3*CT /DX 
G3=D3*T( J 1 

D3=C3/SQRT( l . O + ( ( D R D X ( J + l  ) + D R D X ( J )  1 / 2 0 ) * * 2 )  

C 
G4=7 1 ( J  1 / Z (  J l * D X / D T  
G5=22( J 1 / Z (  J )*DX*DPDT/P 

I 
C 

C 
P HE=Z 1 ( J  1 /Z ( J )*TP ( J+ 1) + G l * G  8+G2* ( V (  J +  1) +G6 1 
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C 

47 
48 

49 

50 

5 1  

5 2  
C 
5 3  

c 
c, --- 
54 

5 5  

c 
C 
56 
5 7  
51) 

5 9  

I I U = G l *  2 1  ( J  ) /Z ( J l * T P (  J+ l )+GZ*G7-G2*TP(  3-1 1 * t  V (  J+ 1 ) + G 6 )  -G3*G8 
A A Y  =1 . /3.*( 3.*UU-PHE**2J 
R R=-G 2*G7*TP ( J- 1 )-G3 Z 1 ( J 1 / Z  ( J) *TP(  J+ 1) 
9 E E = 1  /27.*(  Z.*PHE**3-9.*PHf*UU+27. *RRJ  

D I S  I=UL**2-4.*PHE*RR 
I F  ( O I S l . L E . O o J  GO TO 47 
T P ( J 1 = (-UU+SOP T f D IS 1 
GO TO 48 
T P (  J)=C.S*(T(  J J + T P ( J -  1)) 
D f l  49 CEL=1, 10 
HOPE=Ce*TP( J )**3+PHE*TP( J)**Z+UU*TP( J ) + R R  
HOP=ABS( POPF) 

1 / ( 2 .* PHE J 

OK)PDT=3 .*G8*TP(J ) * *2+2. *PHE*TP(JJ+UU 
A Z 9 = 8 0 0  
A ?  8=. OCO l * D M ) P D T  
I F  (AZ8.LT.AZ9) A Z 9 = A 2 8  

TP(  J ) = T P (  J 1-HOPE/DHOPDT 
X R (  l ) = T P (  J 1 
CON T I N  LE 
WRITE ( 6 , 1 0 5 )  
K S T A R = K S T A k + l  
I F  (KSTAPoGT.25)  GO TO 5 5  
CON T I N  L;E 

I F  (HOP.LT.AZ9) GO TO 50 

TEST( J )=REE**2/4.+AAY**3/21.  
I F  (T€.T(J).LE.OooAND.TP( J I o G T o T P P )  GO TO 5 1  
GO TO 54  
AQ(  1) =C8 
A Q (  2 ) = P b E t X R (  1 ) * G 8  
A N  3 ) = U U t X R (  l I * A 9 ( 2 )  

D I S C= X C  1*XQ 1- A 4  ( 3 1 /AQ i 1) 
X Q 1 -  A Q (  2 I / (  2.*AQ ( 11 1 

I F  ( D I S C  .LT. 0.) GO TO 54 

X Q2=SQRT(  C I  SC 1 
T P I  J ) = X O l + X Q 2  
I F  (TP(J I .GT .TPP1 TP( J J = X R ( l )  

FOR S I C N I F I C A N C E  OF T E S T I J ) ,  SEE COMMENT UNDER STEP 13 
T WP ( J  1 =( Tk( J 1 +( 02 -  1.0 1 * T o  ( J ) + D l  1 /02 
GO TO 5 C  
I F  ( T I M E o G T o P M l )  DETY=DETY-0.005 
I F ( T  I M E  .LE .PM 1) DETY=DETY-O. 01 
OT= DE T Y 
T 1'4 E= T I M Y  t D T  

GO TO ? e  
THE FOLLOWING TWO EQIJATIONS A R E  S P E C I F I C  HEAT V S  TEPP. FOR AN 
ASSUH€O MASSIVE S T A I N L E S S  STEEL L I D  AT THE TClP CF T H t  TANK 

I F  ( T I M t e L E o T I H Y )  GO TO 1 

I F  (SPbSS-499 .0 )  6 1 , 5 7 9 5 7  
I F  (TC( (  11-75.0) 58,59,59 
CPd(  1 )=C.ClO 
GO TO 6 1  
I F  ( T k ( l ) . G T . 2 2 0 . )  GO TO 6 C  
CPW( 1 )=C.O00418*TW( 11 -0 .0203  

GO TO t 1  
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6 0  

6 1  

C 

t 

C 

C 
c. 
C 
C 
C 
6 2  
6 3  

6 4  
6 5  
c 
c 
C 
c 
c 

6 6  

67 
6 8  
6 9  
C 
C 
C 
c 
C 

7 0  
c 
2 
7 1  

C 
C 
c 
c 

c 

54 

W = (  T W (  1 ) - 2 2 0 . ) / 1 2 6 o C 7  
CPW( 1 I = (  (0.0018*W-0.0127) *W+OoO374) *H+Oo071 
C 5 (  1 ) =  1 .G/( T I C K (  11* SPWSS) 
C9( l ) = X P I * D X * D I A * T I C K ( l ) * S P k S S  

Dl=C5( 1 )*OT*QGUT/CPW( 1) 
D Z = l . O + C 5 (  l ) * D T * H (  l ) / C P W (  1) 
KLAMP=KLAMP+ 1 

I F  (KLAMP-LT.3)  GO TC) 62 
I F  (ERPP.LTo.05) GO TO 62 
I F  ( E R P P - G T . . 0 5 o A N D o I S T A R . G T . 6 )  G i l  TO 6 2  
Gn TO 7 1  

5TEP-9- 
F I N D  HEAT TRANSFER C O E F F I C I E N T  A T  NEW T I M E  

S T  t P -  LO- 
FINE C O M P R E S S I B I L I T Y  FACTORS A T  N f k  T I M E  

30 0 6  K = l r N  

I F ( Z C C N S T )  l r C 7 1  E9 
90 68 JZ1.N 
CALL CCMPRS 

Z A V ( K ) = Z ( K )  

( T P  ( J  1 ,PI 2 ( J )  9 Zl( J) 1 2 2  ( J) 1 XMCLEC) 
COV T I N IrF 

STEP-11- 
F I N D  S P € C I F I C  HEATS A T  NtW TIME 

CONTINLE 
I F  ( K L b M P o L T . 3 )  GO TO 46 

STEP- 12- 
F I N O  V E L O C I T I E S  AT N E I j  T I M E  

CALL I N l E R P  FLOW cT I Y E  3,YFLOW 1 T I  plf 1 FLOWNP 1 
V ( N  ) = F L C W N P / A R E A ( N )  
I F (LC'CM o G f . 3  1 G17 TO 89 



7 2  

7 3  

74 

75 
76 

7 7  
78  

79 
83 

5 2  
8 3  
84 
8 5  

86 

C 
c 
87 
8 8  

c 
C 
C 
C 
89 

C 

30 7 2  J = 2 9 N  
K =YP-J 
V ( K  ) = ( T P ( K ) * V ( K + l ) - ( D X / ( D T * Z ( K )  ) ) * ( Z l  ( K ) * ( T P ( K ) - T ( K I )  ) + Z Z ( K ) * T P ( K )  

l* DP OT* C X  / (  Z ( K  ) *PP 1 1 /(  T P  ( K  I + (  Z 1 ( K )  /Z ( K )  1 * ( TP ( K + l ) - T  P (IO 1- 12 ,O*DX *T P 
2 ( K ) * (  C R C X ( K + l ~ + D K D X ( K ) ) J / ( R A O ( K + 1 ) + R A D ( K J ) )  

I F  ( V ( K I o L T o 0 . )  GO TO 7 3  
COV T I N L E 

GO TO e ?  
L OflY=L C @ M +  I 
WRITE 119) 
GO TO 5 5  
Dn 7 5  J = l t N  

CONT I N U E  
C O Q T I N U E  

V I P  =VP ( J 1 
I f  ( V I P . t Q . O . 1  GO Tf l  7 8  
ERR =( V (  J 1-VP ( J J ) / V P  ( J  1 
E R R = A B S (  ERR 1 
I F  (ERR-ERRP)  7 8 9 7 8 9 7 7  
ERRP=ERH 
CON T I N U E  

I F  ( I S l A R . E Q . 3 0 )  GO TO 87  
00 e l  J = l t N  
V P (  J ) = V (  J 1 
CON T I N  LE 
I STAR= I S T A R + l  

ERR P = C  

VP( J I z . 5  

DO 78 J = l , N  

IF ( ERRP- ,004) 89,89,79 

I F  ( I S T A R  oGT.32 I GO TO 103 
I F ( I STAR-40 1 409 469 84 
I F  ( I S T A P )  74,74976 
I F  ( E R R P - o l O I  8 5 9  8 5 ~ 8 6  
E RROF = ERRP+ 100 
GO TO 104 
WR I T F  ( 6 9 1 0 8  t 
W R I T E  ( t 9 1 1 4 )  ERROR 
NJPITE ( 6 9 1 1 5 1  T I M E  
W R I T E  ( C ,  110) 
W R I T E  ( t r 1 1 2 )  ( T P ( J ) t J = l , N t l O )  
W R I T E  ( C 9 1 1 6 )  
W R I T E  ( t r  1 1 2 )  ( T W P ( J )  rJ=L,NtLU) 
4 T  T H I S  P O I N T  THE PR3GRAY WILL CONTINUE REGARCLESS CF THE ERKCJS 
O P T I I N  I 1  IS TO REDUCE THk T I M t  INCREMENT,  PROCEED TO S T k P  5 
GO TO e9 
00 8.9 J = l r N  
V ( J  \ (  J )+VP ( J 1 1  / 2 0  
GO TO 8C 

STEP-13-  
F I N O  GAS FLOW R A T E  AND TOTAL G A S  A D D k D  UP TO T H E  hfW T I M E  

CON T I N  L E 
I F  ( T P ( 1 ) o G T o T P P )  T P P = T P ( l )  

IF T F S T ( J 1  IS GREATEH THAN 0-ONE R E A L  AYD TU@ CONJUGATE 
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r 

c 
C 

90 
Q 1  

9 2  

C 

r, 
c 
C 
C 
C 

9 3  

C 
C 
r 
C 

9 4  

9 5  

C 
c 
C 
C 
C 

C 
c 
C 
C 
9 6  

IIUPGINERY ROOTS-- I F  T E S T ( J ) = O .  p THERE WILL B E  THREE 
R € A L  F O O T S  -- I F  T E S T ( J )  I S  L k S S  THAN 3-THERE r l I L L  R E  
' IkPLE R f i A L  AND UNEQUAL HJOTS. 

no 9 1  J = l , N  
I F ( T P ( J  b T P P  I 91991t $0 
i l P I T E  ( 6 , 1 0 9 )  TP( J ) ,J ,T IYE ,TEST( J) 
CON T I N b €  
G A S S = C  .5*AGE4 ( 1 ) / T P  ( 1  1 / Z (  1 ) + O o 5 * A R E A ( N )  / T P ( N )  / Z  ( N )  

G P S B = C - ~ S P + A R f A ( J ) / T P (  J J / Z ( J )  
G A S  R= 6 P S R * C 4 *  P 

00 92 J = 2 p N J  

G SR AT E = ( C A SR- GA SA I /DT 
GAS=GA SR-GSTAF T 
GASCHK=C-A SCHK +O 254 ( V  ( 2)  +VHOLD) / (C8 /AREA ( 2 1 I *DT * 4 PHCLD/ ZHOLO/T( 2)  + 

1 P / 2 ( 2  t / T P (  2 )  1 

STEP- 14- 
F I N D  H € A T  FLOW RATE T O  WALL AND TOTAL H E A T  ADGEO TO WALL 

k R I T E  OUT RESULTS 

I T S R l = I T E P  141 

CALL WR I l k 2  
ITER l = C  
I F ( T  I M t  ,GE L N D R Y P  1 CALL WRI TE2 
I F  (TIME.GE.tNDRMP1 RAYP=1000.  

I F ( I T E R  1 - I W R  I T E )  9 5 ,  $4994 

ST EP- 15- 
Cl-ECK TO SEE I F  END TIME HAS BEEN REAC-iED 

END T I Y E  N.IT REACHED - PREPARE FOR AfJOTHfR STEP 

I F  ( T I Y E o G T e P M l l  D T = O o l  
I F ( T  IME eGToPM2 J DT=Oo 2 
I F  (TIt 'EoET.PM31 DT=0.5 
I F  ( T  I Y E o G T e P M 4 1  D T = l e O  
DETY=DT 
T IYY=T I M E  
TYME=T IPE+DT 
TEIY=TYMEt .  1 
I F  ( T E I Y e G T o E N D T I M )  TYMEzENDTIM 
CALL I N T t F P  ( F C O W , T I Y E 3 r Y f L O h , T Y M C , F L O W P )  
C HkCK =FLOWP 
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97 
C 

98 

C 

99 

1 0 0  

C 
C 
c 
C 
r, 
13 1 

t 

LO 2 
C 

C 
c 
c 

C 
103 

1 0 4  

2 
t 
c 

V P = F L O k P / A R E A ( N )  
I F  (TYMt.EO.ENDTIW1 D T = E N D T I W T I M E  
I F  ( C k E C K o E O o O o )  GO TO 5 7  
DT=DX / ( L ( t~ 1 +VP I* 2 
T I V E = T  IME+DT 

I F  ( C k E C K - C o I  SS,cj9, lGC 
NJ=N-1 
GO TQ 40 
N J = N  
N =M t1 
N P = N + l  
DR9X(NI=(RAD(NP)-RAO(N))/(X(NP)-X(N) 1 
DRDX(  NP )=CPDX(N I 
GO TO LC 

S 7 E P- 1 6- 
END T I M E  EXCEEDED - INTERPCLATE C O N D I T I O N S  AT END T I P E  

RAT IO=(ENDTIH-TIME+OT)  /DT 
T IME=ENCTIM 

on 1 0 2  J = ~ , Y  
T P (  J 1 =T ( J 1 +R A T IO* ( TP ( J 1-T ( J 1 I 
TWP ( J  )=TW( J ] + P A T I O *  (TWP( J ) -Tk(  J )  1 

O=Q-CQ+RATIO*DQ 
G b S = G A  I-GASR +CA SA M A T  I O *  ( GA SB-GASA) 
G PS CHK = CASCHK- GASB +GI SA +R A T 1  O* (GA SB-CASA) 

5TEP- 17- 

C4LL kR I T E 2  
G13 TO 1 

W Q I  TE 
WRITE 
W R I  TE 
GO TO 
U R I T E  
d R I  TE 
WRITE 
WRITE 
WPITE 
M R I  T t  
GO TO 

( 6 , 1 1 1 )  
( 6 , 1 1 2 )  ( V ( J I , J = ~ ~ N I L O I  
( 6 , 1 1 3 )  I S T A R  
e 2  
( 6 9  114) ERROR 
4 6,110 1 
( 6 ,112  1 
( 6 , 1 1 5 1  T I M E  
( 6 , 1 1 1 )  
(C ,1121  ( V (  J) r J = l r N ,  10) 
89 

( TP t J 1 J = l  t N t 10) 

* ** ** * * *+ ****** ***** 
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c FCF P A T  STATFMEYTS 
C 
c 
c 
1 9 5  F O R Y A T  ( 1 H K 9 7  1H SOLUTION TO C U B I C  BY NEhTON-RHAPSOh R E C U I  RES M O g t  

L O 6  FnWMAT ( l k l p 3 C X p 2 9 H  TANK P R t  S S U R I Z A T I O N  PROGRAp/ lHJ )  
137 FdRMAT ( R O H  

1 0 8  FPRMAT ( l H K 9 3 2 W  ERROK GREATER THAN ACCEPTABLi  1 
109 FC’RMAT ( l b L r 5 X r 1 3 H  ;AS T ( R )  = F 6 o l r 5 H  J= I 3 9 9 H  T I M k  = F 5 . 1 9 9 H  

1 TYAN 10 I T E Q A T I O N S  ) 

1 1 

l S E C f l N O S ( 9 H  TEST = EL3.5,2X,40H COPPUTED TEMP. GRtPTER THAN BOUND 

1 1 0  FOPMAT ( l b L p l O X 9 4 3 H  ULLAGE GAS TEMP P R O F I L t  I N  PROCRAM U N I T S  / 1 X )  
111 FORMAT ( l b L ,  1 0 X 9 1 0 8 H  INSTANTANEOUS ULLAGE GAS FLORATES FKOM TOP TO 

2APY ) 

1 INTER F6CE-NEGATI VE VALUE S ARE UNSTAt3LE-RATES I h PRCGRAC UNTS / 1 X  1 
1 1 2  FOkMAT ( 1PRG15o7)  
1 1 3  FOPMAT ( l P L r l O X , 1 5 H  I T E R A T I O N S  = 13)  
1 1 4  FORMAT ( l I ’L , lOX,18H PERCENT E R R O R  = F 5 0 1 p l O H  PERCENT / 1 X  1 
1 1 5  FORMAT ( l H L p 1 0 X 1 1 7 H  TIMk I N  RAMP = F S . l , l O H  SECONCS / 1 X )  
1 1 6  FfIRMAT ( l P L , l O X , 4 3 H  ULLAGE WALL TkMP PROFILE - PROGRAM U N I T S  / 1 X )  
1 1 7  FORMAT ( l H L r 2 X r 1 7 H  G A S  SUPPLIED = F7.3,5H LBS,2X,14H G A S  CHECK 

1 1 8  FORMAT ( IHKp2X,13H G A S  FLOW = E13.599H L B S / S k C t Z X , l S H  I T E R A T I O N  

1 1 9  FORMAT 4 1kK150H ONE J R  YORE NEGATIVE GAS V E L O C I T I E S  ARE COPPUTED 1 
1 0 1 5  FPRMAT ( 1 H K 9 2 3 H  I Y I T I A L  ULLAGE G A S  = F 6 o 3 9 5 q  L B S )  
1 0 5 0  FORPAT ( 1 l - K ~  25H I K I T I A L  HEAT TO WALL = F7.19 5H @ T U )  
2 9 1 5  FORYAT ( l k K 1 2 3 H  I N I T I A L  ULLAGE GAS = F 6 . 3 9 1 3 H  KILCGRAM) 
2 0 5 0  FORMAT (1 t -K .  25H I N I T I A L  HEAT TO WALL = E l l . + ,  7 H  J C U L k )  

1= F 7 0 3 9 5 H  L R S , 2 X p l 4 H  R4MP TIME = F7.299H S E C O N D S )  

1s = I 3 9 2 X v 1 7 H  HEAT TO WALL = E 1 3 . 5 9 5 H  BTU) 

€NO 

~~ 
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IC P 02 L ? N * N I C I C  
0 3 3 3 0 0 3 * V I P * P O  
m m m m m m m N Y . 4 - l  

u 
Lu 
v) 
\ 
I- 
Y 
Iy 
U 

3 
OI 

-1 
UI 
> 
I- 
UI 
-1 z . . .  

I /  

-I 
-1 a 
J 

0 
I- 

C a 
'2, 
I 

. * .  
v1 
I 
2 

VI 0) h c3 Y 4 4 c 3  9 IC .f J . . . . . . . . . . . . .  

u .f '" c i-. 5 ri F" " .. <, c .? .T . . . . . . . . . . . . . .  
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APPENDIX D 

SUBROUTINES - COMMON TO BOTH PROGRAMS 

SUBRCbT Lh€ C I N T S  
0 I P F h S  IGN 

A 
7 
3 
4 C I ~ 0 ( 3 0 ) r T I W E 7 ( 3 0 ) r Z A W ( L 5 O J r  
5 
6 
7 C P ~ 1 5 0 ~ r C Y ~ ~ 1 5 0 ~ ~ ~ ~ 1 5 0 ) r Z o r L 1 ( 1 5 0 ) r Z ~ ~ 1 5 ~ ~ r  
8 

T G A S I  30) o T  I MEA (30) r PCATA (30) r T  I M E 2  (30) r 
F-LOUI 30) T I M E 3 t  30) 
1(3OLk( 33 J * T  I H E 5 (  30) rLiClJTO( 30) r T I H E 6 (  30 1 9  

TSDT ( 30 J r T I H E 4 ( 3 0 )  r 

T h I N O (  30) r D  I S T 1 (  30 J r T G I f l D (  3 0 ) r 0 1 S T 2 ( 3 O J r  
X (  150 J - T  ( A50 J r  TP ( 150  J 9 TW 4 150) rTWP4 150) * V  ( 150 J r 

HAOt 1 5 0 )  *AREA( 150) *YRAD(  150) * X R A U (  150) r O R D X (  150) 
c 

D I P E h S  I T h  
A 
1 ~ T ~ H K ~ 3 0 J r G I S T 7 ~ 3 0 J ~ T k C U 1 3 0 ) r O I S T ~ ~ ~ ~ ~ r T S l N ~ 3 O J ~ D i S T 9 I 3 0 ~ ~  
3 
4 TWCt 1 5 0 ) r T C ( A 5 0 ) r C P S T ( l 5 0 ) * T S T ( l ~ ~ )  , T Z ( 1 5 0 ) r C P A L ( A 5 0 )  r 
5 

C 5 (  1 5 0 )  C 9 (  150 4 r YT I C K  4 50) r XXT ( 5 0 )  r T I CK (1 50 1 

T r A C ( 3 0 ) r D I S 1 A ( J O J r C ~ ~ K ( A 5 O J  * T k B ( A S O J  r T 8 4  150) r C P C U ( A 5 O ) r  

T A L S t  150)  r T R d (  A S O ) r T T T (  150) *PRAM( 150) 
c 

CCWNOh 
1 
I ~ ~ O ~ ~ T ~ ~ E ~ O N F ~ O ~ ~ T S A T ~ T I ~ E ~ ~ M T S ~ T ~ T ~ U L K ~ T L ~ ~ ~ ~ M ~ ~ U L K ~ U O U T D ~  
3 'I IHE6rFOOUTr QIND. T LHE 7rWO I N  r f l  h P  r XhrULLAG E r RAD1 US r DO* 
4 S P h G T r X H O L E C r G S T A R T r H C C h S T I T I H E I G A S I U I G A S C H K ~ ~ S ~ A T E r D T r  
5 
6 C T U I N ~ C T G C ~ ~ N T I C K O H T B A K I H T C U . H T S S . M T A L ~  
I 
n 

X + T r TP . T W r Tk PI W r t  P r CP k 9 TLJ AS r T I ME 1 r HTGAS P C A T  A r T  I HE2 r MPOATA 

ZCCNST rHrHC1ULT o h E X P  r YhAD r XRAD*HHADr TNKh T r COTR rO Il\r *UNUMSr 

T U I N D e C I S T l r  TGINDrDISTZrY T I C K  *XXTrTLJBKr 01 S T 7 1  
T h AL 9 D I SA 1 e T  h C l l r  0 I S T t l  r 1 SThrrO I S T 9  

c 
CGMHOh 

I 
1 h l 3 5  h 7 5 8  

CAR A D  r A 0  I Fur SPcl SS rU I A r HCOhST r TAD0 r AB A 1  C r D 3 S  v A58 kT t3 9 r lT  LC r 

c *****~**********+*********************~+*************************** 
c Wbth U S I N G  ThIS SUbROUTINE kUR THE PKESSURILATIObi  PROGRAM - USk 
c T h t  S P M F  C I M F N S I O N  AhC COkHCN P Y P E A K l N b  I N  ThE H A I h  PRObHAM 
c ****~~*******************+**************************************** 

I F l R A C I b S  O L E O  000) GO T O  A0 
H P C I L S  = R A C I U S / O * 3 U 4 8  

10 U L L A G E  = U L L 4 G E / O o 3 0 4 8  
C b R b C :  = C A R P 0 / 0 0 3 0 4 6  
H C C h S T  = H C C N S f / 3 0 A 5 1 ~ & 0 8 / 1 0 8  
A l l  I f i l l  = A C  IFU/  rCFLY0304 
hPht;T = S P h G T / i 6 o d L t 3 4 6 3  
S P h S S  = SPhsS/16oOA8463 
L I P  = CIA1003048 
H L C  hS1 = RCCNST/O 03048 
T A C C  = T A O C  * 1.8 
A B  = P B / . C ~ ~ Y O ~ O ~  
A l T  = A A C / o C Y 2 Y 0 3 0 4  
n 3 S  = AjS/*CYL9C304 
A 5 @  = P 5 @ / * C 9 2 9 C 3 0 4  
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c 

C 
WETURh 
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c FCW T h E  PHFSSUR17ATIC8N PROGRAM - REMOVE ALL STATEMENTS F R O M  144 
c TbHOIJGH 1 5 4  - CHANGE STATEMENT NUHHEA 1 5 6  TO 144 
( 

FhF, 



SU8RCUTINE H R I T E  1 
c 
c 

OIPlENS I C N  
1 TGAS( 30 J r T I  ME 1 (30 ) r  PLATA (30  1 * T I  ME2 4 30) r 
2 F LOML 30 J T I  ME3 ( 50) r TSAT ( 30 J r TIME44 33)  9 

3 TBt1LK ( 30 1 * T  IME5 ( 30 J *OGLTDL 30 1 r T  IWE6(  30 ) r  
4 C I h r O (  3 0 ) r T I H E 7 ~ 3 0 ) r Z A V 1 1 5 0 ) r  
5 T * I N C (  3 0 ) * O I S f l (  30 l r T G I N O ( 3 0  J r D I  S T L ( 3 0  J r  
6 X (  1 5 0  J r T (  I S O ) r T P (  150)  r T U  (150)  r T d P L  150) p V ( l 5 0 J  
7 C P ~ 1 5 0 ~ * C P ~ ~ 1 5 0 ~ * H ~ 1 5 0 ) r 2 o , Z 1 ( 1 5 0 ) r L 2 ~ 1 5 ~ ~ *  
a R A D (  1 5 0 )  * A R E A (  150) rYHAD(  150) r X K A D ( 1 5 O )  TDROX(  150) 

C5 ( 150 1 r CS ( 15U B. Y T I CK ( 5 0  J r XXT ( 5 0 )  r 7 I CK (1 50 1 
0 IYEhS ICN 

1 
3 r T ~ R K ~ 3 0 ) r O I S T 7 ~ 3 0 ~ r T * C U o . O [ S T 8 o r f S T N ~ ~ ~ ~ r D t S T ~ ~ ~ ~ J r  
3 
4 
5 T A L S ~ 1 5 0 ) r T R C ( 1 5 0 ) r T T T 1 1 5 0 ) r P R A M ( l ~ O )  

T k d L I 3 O ) r D  I S l l ( 3 0 )  rCPBK(  150) rTWd(  150) r T 8 (  150) r C P C U ( 1 5 0 ) r  
ThC( i 5 O ) r T C t  1 5 0 ) r C P S T (  1 5 0 ) r T S T ( 1 5 0 J  r T Z (  150) r C P A L (  150 )  r 

c. 
CCCHOh 

1 X 9 T r TP r TM r T k  Y r V r C P r C P  k r TG AS r T I ME 1 I MTGAS r P DATA 9 T I M E 2  r M POAT A v 
2 F L O * *  T INE3*NFLOk r TSAT r T  I HE4r MTSAT r TBULK T T  I M E 5  r MTBULhr  OOUTO 9 

3 1 I ME6rHE)OCITr 3 1 h r O r  T IHE 7 *MU IN. N r hP XN *ULLAGE r RAD1 US r O u r  
4 S P M G T  XHOL EC r GSTAHT r HCCNbT r T I  M E  *CAS r 4  r GISCHK r GSRATE r D 1  T 

5 ZCCNST. Hr HCULT HEXP VRAD r XRAO r MRADr T N K k T r  CCTR r O I N  r UNUHSr 
4 Y T w I  hr C T G I k r  MT I C K r M T e A K r  M7CUp WTSS rMTAL r 
7 7~INOrDISTlrTGIhDrOIST2r~TICKrXXTrTh8KrCIST7r 
0 T Irl A I  r I7 I S I 1 r T kCUr D i 5 T 8 r T S T N D I S T 9  

' c  
CCMMON 

1 
i h l ~ S * h T L j B  

C AR A O r  A 0 I F Ur SPk S S  r 0 I A r RC ON ST r T ADD r A @ p A 1 C b 3  S r A 5  8 hT U rJ T I C  r 

c 
c WhEk L S I N G  T H I S  SUbGOUTlhE FCR THE P R t S S U R I Z A T I O N  PROGRAM - USE 
r. T k f :  S b C F  O I h E N S I O N  AND CCMMON PPYEARING I N  T h E  H A I h  PROGR4M 
c 
c 

r 
1007 F O k M b l  ( 1 k 1 l r  12H INPUT CATA)  
c 

4 R I T F  ( 6 9 1 0 0 7 J  

N = XN 
O X  = b L L A G E / I  XN-1.0) 
I)C 30 J z 7 - k  
X J T I C K  = J-1 

3 c) X ( J )  C X  * X J T I C K  
X 1 1 J  = 0. 
00 3 1  J=l*bJ 
C A L L I h T F R P L T W I h C A) I S T 1 r M T k I N X ( J ) v T W ( J ) 

31 C A I  I I lvTERP ~ T G I N O I O I S T L I M T G I N ~ X ( J ) . T (  J ) )  
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f 
1010 FCGHAT ( I h L . Y X . 3 1 h  I h I T I A L  hUX8ER OF N E T P O I h T S  = F3.0/ 

1 10X. l ’dH I N I T I A L  ULLAGE = fbr3.bH F E E T /  
I 1DX.16H TAhK HAUILiS = F6.3r6H F E E T /  
3 IOX.30H TANK h A L L  S P E C I F I C  U E I G h T  = f6*1*lbH L B S / C U B l C  FOOT/ 
4 l O X . 2 l h  MOLECULAR U E I G H T  = f3 .11  

WRITE (6.10CtI) 
f 
l O O n  f C l k M A T  (Ah1 r9X.4CH G A S  TEMP.OtG R vs  T I M E  rSECONDS/LXI  
f 

c 
l C 0 Q  FCFHPT I F 2 O o L .  F 2 5 . 1 1  
c 

c 
I O 3 i l  FORMAT t 1hL.YX.47h PRESSUHEvLBS/SO FT v s  T I N E  9 SECONDS 

* r R I T €  (6,1009) ( T G P S ( J 1 .  T I H E L ( J ) r  J = I r M T G A S A  

W R I T €  (6.1030) 

A / 1 X J  
r c 

k l W  I T F  ( 6.1009 ) t PCATA( J 1 9 T I H  E 2 (  J I J=1* WPDA TA J 
C 

f 
1031 F O R M A l ( l b L . 9 X . 4 4 k  F L O h  HATE.  CU F T / S E C  V S  T I  PE rSECONDS / 

c 

U P I T E  (6.1031) 

1 1 x 3  

w R I T E  (6.1032) ( F L O k L J I . T I M E j ( J )  rJ=lrMfLOd) 
c 

c 
1 0 3 7  FOEHA? ( F 2 0 . 4 . F 2 5 . 1 )  

H R I T E  (6.1033) 
1 0 3 3  C.TGMAT 4 lH1.9X.49h SATURATION TEMPvDEti  R us  T I M E I  SkCONOS 

c 

c 

c 

1 / 1 X )  

WHITE (6.1009) ( T S A T ( J ) . T I N E + ( J )  r J = l r M T S A T J  

d R I T E  t k . 1 0 3 4 1  

I O 5 4  FCiRHAT (1l-L.YX,44H BULK TEMPeDEG R vs T I M E  t SECONDS /I 
1 x  1 

r 
i 

c 
U R I T E  (6.1035) 

c 
103s C-OliPAT 4 1bL r9X.63H G U T S I D E  kEPTING R A T E r B T U / S C  FT-SEL v s  

1TIYE.SECOhOS / 1 X )  
c 

c 

c 
1 f l 3 b  F C R M A T  t AbL r 9 X . 6 2 h  I N S I O E  h E A T I h C  R A T E * B T U / L I h E A R  FT-SEC V S  

11 l Y €  . SECONCS / A X )  
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1. 
5 U R I T E  (6 .1039)  

1. 
1039 T O R C P T  L l h K v  46k H E A T  T R A h S F E R  C O E F F I C I E N T  k I L L  B E  COMPUTED b 

1051 FLkMAT 0 H J . l O H  hHULT = F 6 . 4 r S H  H E X P  = F6.4)  

c 

U R l T F  (6.1051) hMlrLT,  HEXP 

G O  T f l  9 

7 HCChrSl  = 3 6 0 0 o * h C C h S T  
w R I T F  (6.1040) h C C N S T  

C 
1040 FCRMAT ( I H K +  33H C O N S T A N T  h E A T  TRAlvSFEK COEFF = F 4 0 2 r 2 3 H  B T U / S O  

I F T - ~ O ~ J A - C F G  R 1 

4010  F C G H A I  4 /Hl .SrX*32H I N I T I A L  lrUHBER OF hrETPOIFtTS = FJ.O/ 
A 1 C ) X . I Y h  I N I T I A L  U L L A G E  = F7 .3s ; IH  M E T E R /  
7 I O X . A 6 H  T A N K  A A O t L S  = F k - 3 r 7 H  METER/ 
3 l O X . 3 0 H  T A N K  kALL S P E C I F I C  & E I G H T  = F 6 0 A r l b H  KG/CUBIC M E T E R /  
4 1 O X * S 1 b  MOLECULAR U E I G H T  = f3.1) 

rJR1TF (6.4008) 
c 
4008 F C G H A T  ( I h L . Y X * 4 G H  G A S  TEMPIOEG K u s  T I ME 9 SEC O N O S  / AX ) 

d R l T E  (6.4009) ( T G A S ( 3 ) .  T I M E l t J ) .  J = I r M T G A S )  
4C09 FGkHAT ( F i O . 1 .  F i 5 . 1 )  
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403 3 Fl lkMAT t 1hL e Y X e 4 9 H  SATURATION TEMPIOEG K US T I M E .  SECONDS 
1 / 1 X b  
M H  I TE 4 6.4CCY 1 
w k I T E  ( 6 . 4 0 3 4 )  

(TSAT(  J 19  T I M E 4 (  J )  . J= l r  MTSAT) 

4014 FORMAT (lHL.9X.44H BULK TECP.I;EG K vs TIHEISECONDS /1 
A X J  

WR I TE (614009 1 
r*R I T E  (6.4035) 

( THIJLK ( J  I * T I M E S (  J )  .J=l MTt3ULK) 

4035 FCiFMAT I IhL + 9 X * 0 3 h  CUlSIOE HEAT LlYG RATE rJOULE/SO C - S E C  vs  
I T  I C E - S E C C N D S  / A X  1 

d l i l l f  (6.4032) ( U O U T D ( J ) * J I W E a ( J )  .J=l.HCOUT) 
W R I T E  4 6 . 4 0 3 6 )  

4336 FCbMAT t Ih1 .9X.62H I N S I D E  hEATI IUt i  R A T E S  JOULE/HETER-SEC V S  
IT  I C F * S E C O N C S  / L X )  

a R  I T t  4 6r  4032) 
M R I T E  16.4013) 

( U I ) u D (  J ) * T I C E 7 (  J)  r J = l r  MOIN) 

40 13 FOHHAT ( lhL.9X.34H I N I T I A L  TEMPERATURE-DEG. KELVIN /1HK. 
1 4 X e l 4 h  X COOKOINATE*5X* leH k A L L  TEMPERATURE*SX. 
c 17h (-AS TEHPEPATURE/AX) 

C 
W R I T E  (6.4014) O t J I r T W L J I r T ( J ) r  Jz1.N) 

4014 F C P P P T  (F19.2r F22.l. F23.11 
I F  (HCChST)  50 .5C170  

20 W R I T E  1 6 . 4 0 3 9 )  
4039 f-GHMPT I I H K .  46h HEAT TRANSFER C O E F F I C I E N T  k I L L  BE CLMPUTED J 

E 
4 0 5 1  FORMAT (IHJ*lOH hHlJLT = F t * 4 * S H  H t X P  = f 6 . 4 )  

r * R I T E  ( 6 , 4 0 5 1 )  kHULT. HEXP 

GG T O  9 0  
7 0  W R I T €  ( 6 . 4 0 4 0 )  
4040 FCIHMAT ( I H K I  33H CONSTANT HEAT TRANSFER C O E F F  = F6.2.24H k A T T S / S  

IU-PETER-DE6 K 8 
4 0  cc A T  i h u ~  

WR I T F  ( 6 . 4 0 5 0 )  
4 0 3 0  F f l R N A l  ( 1 H l * ' 3 X * 4 8 H  TAN& R A G I b S  (METER) V S  A X I A L  DISTANCE (METER) 

i) 
MR I T E  ( 6 . 2 0 5  I )  ( VRAD( J 1 *XHAC ( J ) J=1 rMRA0)  

9 
c 

1 3  
c 
1047 

c 
I5 

c 
Id4 1 
E 

1 7  
c 

J 1  
I: 

CCAT IhLF 

I F  L7CGhST) 13r13.15 
M R I T F  (6.1043) 

F I 1 R M A ' I  ( 1kKr  2 5 b  A REAL G A S  IS ASSLiMEU ) 
GO TO 1 7  

M R l T E  16.1041) 

F C R M A T  (IHK. 2 7 h  AN I I K A L  GAS IS ASSUMED 1 

C C h T  IhbE 

I F  ( X C C L F C  - 3.0) 2 2 . 2 2 - 2 3  
W R  I T F  (6. 1011)  
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1OA A F O H M P 7  (1hK. 28). TI .€  PRESSURANT t S  H Y D K O G E N / ~ H P I ~ X I ! ~ H  RESULTSJ 
c 

c 

c 
I012 FGRMAT ( 1 H K v  26). THE PWESSURANT IS HELIUH/LHA*9X*YH R E S U L T S J  
c 

GC T C  2 5  

23 U A t T F  (6 .1012)  

2 5  C c n i i n u E  
R E T U R N  

C 
FhC 
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c 
c 

c 
1 
3 

c 

c 

c 
C 

c 

5 

r 

72 

U I P E h S I C N  P X (  1 7 ) r T X ( 2 0 ) 9 Z ( 2 0 * 1 7 )  

R€TURh 

CCrhT I h U E  

COMPRESSI@ILITY D A T A  ( L ( T 9 P )  VALUES CCMPUTED FROM O A T A  OF 
h H S  Tb  1 2 0 A J  



c 
c 

c 
11 

c 
13 

c 
15  

c 
1 7  

c 
15 
73 

c 
35 

C 
7 7 

c 

C 
3 1  

2 7  = 1.0 
7 1  = 1.0 
xi = 1.0 
ASTURlr  

NT = JJ 
G O  TO 19 

C C k T  IkUE 
GC TO A1 

NP = J-1 
60 TU 31 

77 = ZZ-P*CZQP 

R E T U R  h 
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r 
1 
c 
c 
c 

C 
C 
L 
c 

C 
C 
C 
C 

1 

c 

c 

c 
3 

7 

C 
9 

CEL lL lM V I S C U S I T Y  OATA (LB-SEC/SO F T )  ( V I N C E  AND DUKE) 

O A T A  ( V  I Y  ( 2 . J  ) . V I  X(2.J). J=Ar? J / 0 3 7 b E - 7  9 10. r 0 6 6 8 E - 7 r 3 0 0  * 1 .002E-7*  
1 60 9 1 0420E-79 10 0. 2 0 257E- 1 .  2000  3. 528E-7,400 r 60 075E-7r MOO. / 

hELIbCI ThERHAL COND CATA (bTL /SEC- fT -D€G R J  (VANCE Ahlo DUKEJ 

CATA ( C O Y (  3.J I rCCXI2 .  J ) *  J = A r  7 J / 18ObE-59 1001 0 3 7 5 E - 5  d 0 . r  0 5 9 7 E - 5 9  
1 60. 834€-5,1CC 10277E-5 9200. 2 .E-5 94000 r 3.445E-5 t 801) / 

M = .5*XHOLEC 
R = 1545.4  
C = XMflLEC*P/R 

TAb = 0 .5* (T+TTTJ 
R h O S O  = ( C / T A V l * * 2  

OC J J = 2 r 7  
1F ( T b V - V I X f M r J J J  3.397 

CCh7 IhbE 
V I S C  = UIY(CI.7J 

JM 15 Jz2.7 
I F 4 TAV-COX (Me J J J 11 * 1 1  1 5  
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1 Y  
2 3  
2 5  

77 

39 

c 

E 

C 

T O I F F =  A & S ( T T T - T J  
I F  ( T 0 I f E - 1 0 0 )  l Y e 2 3 r 2 3  
T D l f f  = 1.C 
I f  ( L C C A S T  J 2 7 . 2  7.25 
t i F 7 A  = l o O / T A V  

CALI.  
G r  TO 23 

C C M P R S i  TAVwP *Z.Zl r Z 2 .  XCCLEC J 
B E T A  = I l / Z / T A V  
X hCLO = 41 OG( XL**3*R hOSO*CP*TO Iff / V I  SC /CCND*BE TA J 
X h C L C  = kiEXP*XHOLD 
X k C C O  = €XP(XHOLDJ 

h = h M ~ L T * L C O N O / X L J * X H O L O  
P V C  f CGNO * I 1 0 0 / ( 3 2 0 1 7 * V I S C J ) + * 0 . 8  
POL = ( C P  * VISC/CCNO * 32.17)**.333 
P R A M  = POL * P V C  

HETUPh 
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r 
C 

c 
A 
3 

5 
c 

c 

c 
7 

9 

C 

I F  I C - 1 )  3 9 5 9 7  
HETlJHh 
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OUTPUT FOR EXPULSION PROGRAM 

SCBROUTINE U R I T E  2 
C 

D I P E f i S  ION 
1 
7 
3 
4 
5 
6 
7 C P t  1 5 0 ~ . C P k ~ 1 5 0 ~ ~ H ~ 1 5 0 J ~ ~ ~ 1 5 O ~ ~ Z l ~ A 5 0 ~  r Z 2 ( 1 5 0 l r  
a 

TGAS( 30 J 9 T I N E l (  30) PGATA (30 ) .TI H E 2  4 30) r 
F LO@( 30 ) 7 fME3 130) v T SAT ( 30 J r T I  HE4( 30) 
TFlUL K ( 30 ) +T IHE 5 L 30 J OOUTO( 30) r T I  ME 6 ( 30 J r 

T k I  NUCI 30 1.0 I S T  1 4  30 1 T G I N O ( 3 0 ) r D I  ST24 30 1 e 
X ( 150  1.14 150)  * T P  (150) .TU (150) * T Y P (  150) r V  (150 J 9 

R A D (  150) .AREA( 150) .YRAO( 150) rXRADLA50J ,OROX( 150) 

C 5 ( 150 1 C 9  ( 150 J 

C IND( 30 ) T I M E 7 (  30) r ZAVL 150) 

OIMEhiS I C N  
A 
2 
3 T U A A ~ 3 0 ~ r D I S 1 1 ~ 3 0 ~ r C f 0 K ~  1 5 0 ) . T Y 8 ( 1 5 0 )  r T B L 1 5 O J  r C P C U ( 1 5 0 ) -  
4 
5 

Y T I CK ( 5 0 3 9 X X T 4 50 J r T I  CK ( 150 ) 
r T&HK 4 30 8 9 0 I S T 7  (30) T k C b  L 30 b POI S T 8 (  30) 9 TSTN(30) r D I S T 9  (30 J r 

TbC( 15OJ.TCt 1 5 0 ) r C P S T ( 1 5 0 ) r T S T ( 1 5 0 )  r T Z ( 1 5 0 J r C P A L L 1 5 0 )  r 
TAAS(  150) *TBC(  1 5 0 ) r T T T (  150) rPRAM( 150) 

C 
CCMMON 

1 
2 
3 
4 S P ~ G T ~ X M O L E C . G S T A R T . H C O N S T I T I H E r G A S ~ O ~ G A S C H K ~ G S ~ A T E ~ D T r  
5 
6 
7 
8 

X T r  T P  r TW. TbP. VvCPeCPkr  1GAS.T I M E l  r MTGAS r f  EATA .TIME2 r HPDATAr 
FLOW r T I  HE3 r MFLOb. TSAT * T I  HE4 *HTSAT T BULK r T  IME5 MT6ULKr QOUTDr 
T I CE6 .WOOUT 9 0 1NDr T I ME 7.WO I N  .Nr NP XN r ULLAG E l  RAD1 US rD01 

ZCONST.H*HCULTrhEXP* YRAD r XUAO rHRADr TNKWTr COTR r O I N * U N U H S r  
C T Y IN CTG 1 k .  MT I C K  eHT8AK r H TCUr MTSS r MTAL 
1 & I N O ~ D I S T l ~ T C I h D ~ O I  S72.Y T I C K  rXXT.TkBK,OI ST7r 
T &SL 0 I SI 1 .TkCU. 0 I ST 8 r T S f  N.0 I S T 9  

c 
CGMWDh 

1 CARAO.ADIFUr S P Y S S r D I A . R C O N S T * T A D D r A B * A 1 C r  P 3 S r A 5 B r Y T B r  W T l C p  
2 i~ T 3s r b T 5 R  

C 
IF4UNLNS oGT. 0 0 )  GO TO 200 
W R I T €  (6.1016) T I H E I G A S ~ O I V ( ~ J  

c 
1016 FOkWAT ( l H L / l H L r 9 k  T I M E  = F 6 o A r 9 H  SECCNOSe5Xr17H GAS S U P P L I E D  = 

1 F 7 0 3 . 5 H  L H S r 5 X 1 1 7 t i  HEAT TO HALL = Ft)oA,SH B T U e 5 X r  
2 14b I N L E T  VEL F O o 4 r l O H  FEETISEC)  

C 

c 
U R 1 T E 4 6. 1 0 17 J CO TR 9 GA SCHK 9C;SRATE r 01 N 

1 0 1 7  F O P H A T  (1HK1A6H HEAT TO L I O  = F 7 o l r 5 H  d T U S r 3 X r A 7 H  CHECK ON GAS = 
1 6703.5H LBSr3X.13H GAS FLOd = F 7 * 4 r 9 H  LBS/SEC* 
7 3X.16b h E A T  TG HARD = F 6 0 4 r l J H  B T U / ( F T - S E C l )  

c 
h R I T E  (6.1018) 

t 
1018 FOWCAT (1HK. lOH X. F E E T r 2 X * l A H  @ALL T ( R ) r l l H  GAS T ( R 1 r 7 X 9  

1 10b XI F E E T * Z X . l l H  WALL T ( R ) * l l H  GAS T I R ) r 7 X r l O H  XI f E E T r  
2 2 X . l l k  kbAL T ( R ) . l l H  G A S  T ( R ) / l X )  

c 

A030 
UR I T €  (6.1020) 
FORHAT 

( X (  J 1 T k P (  J)  r T P (  J ) t J = l  *NP) 
( f 1002.F 120 1.F12. I .F 17.2.F 1 2 * l * f  A 2 m l . F  1 7 * 2 r F  1 2 * l r F L Z 0 1 )  

HE1UR)cr 
7 o c  c r h i  I ~ U E  
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00 2 0 1  J = l r N P  
X (  J )=  X ( J ) * 0 . 3 0 4 8  
T P ( , I ) =  T P (  J ) / 1 . 8  
T h F ( . I I =  T k P ( J ) / l . k ?  

201 C C h T I h b E  
G A S  = G A S  * 0 . 4 5 3 5 5 2 3 7  
HT = C * 1 0 5 4 . 3 5 0 3  
V ( 2  1- V (  2 )*013048 
COLA = CCTR * 1054.3503 
O B L C K  = GASCHK * 0 0 4 5 3 5 9 2 A 7  
G S R A T E  = GSRATE * 0 . 4 5 3 5 9 2 3 7  
O I h =  C I N  * 3 4 5 9 . 1 4 7 5  
WR I T E  4 6 9  300 I T IME *GAS r R T  r V (  2 I 

300 FOPCAT ( l H L / 1 H L r S H  T I M E  = F601r9H S E C C ~ D S I ~ X ~ ~ ~ H  GAS S U P P L I E D  = 
l F 7 . 4 r G h  KILOGRAM. 1 X . 1 7 ”  HEAT 10 &ALL = E l l 0 4 r t ; H  J O U L E s l X r  L 4 H  I N L  
2E7 VEL = F 6 o 4 * 1 C H  METEP/SEC)  

b W I T F  ( 0 . 3 0 5 )  C O L A r O B ~ C K , G S R A T E w O I ~  
3 0 5  FCIfiWAT ( I H I ( e L 6 H  M A T  TO CIO E l 2 0 5 r 2 H  J r l X r l l H  CHECK ON GAS = F 

1703r4h K G . 4 X r 1 3 H  GAS F L O h  = f 7 . 4 . 8 H  KG/SECrlXr16H HEAT T O  HARD 
1= E l i 0 4 r i O h  J / ( P I - S E C ) )  

& R I T E  (6.310) 
3 1 C  FGRHAJ 4 1 H l c r  1 0 H  X r  WETERr1Xr  1% hALL TEMP-K. 14H GAS T E H P - K I ~ X  

1.10h X r  M E T E R . I X r 1 3 h  kAAL TEMP-K.14H G A S  TEMP-Kw3XrlOH Xw ME 
Z T E R . I X r 1 3 H  UALL TEMP-Kr14H GAS TEMP-K/1X 1 

rJR I T €  t 6.3 1 1  j ( X ( J  b r T k P ( J  1 , T P (  J 1 .J= A .NP 
3 1 1  FORMAT ~ f 1 0 ~ 4 r F 1 2 ~ 1 r F L 2 ~ 1 ~ F 1 7 o 4 ~ ~ A ~ ~ A ~ ~ 1 ~ ~ l r F 1 / ~ ~ ~ f 1 2 ~ 1 ~ F 1 2 ~ A ~  
210 C O A T I N U E  

00 2 1 1  J = 1 r N P  
X ( J )  = X ( J ) / . 3 0 4 8  
T f i t J )  = T P ( J )  * 1 .8  
T h P ( J 1  T k P ( J 1  * 1.8 

2 i l  C C h T i h U E  
G 6 5  = G A S  / 0 0 4 5 3 5 9 2 3 7  
V ( i )  = V ( 2 ) / . 3 0 4 8  
G I  h = C I N / 3 4 5 9 0 1 4 7 5  

C 

c 
RFTURh 

EhC 

78 

~~ ~ ~~ ~ ~ 



OUTPUT FOR RAMP PROGRAM 

S U B R O L l  J N f  WR I T E 2  
C 

c 
CON M 3  N X ,T 9 TP 9 T k r  TUP9 V T C  P t C  PW 9 TGAS, T I  M E 1  9 MTGAS 9 PDAT A T T  I Cf2 9 PPDAT AT 

1FLDWp TIME3pMfLOWp TSAT , T I  ME4pPTSAT,TBULK9 TIMES T PTBULKT Q O U T O T T I  H E 6 r M  
24011T9 Q I N 0 9  T I M E 7 9  MQIN, N T  NP T X N  ,ULLAGk (RAD1 US, TL I D  TSPWGT T X P O L E C T  GSTAR 
3T THC'INST, TIME, GAS T Q ~ G A S C H K T G S R A T E  ,DTp ZCONST rH THFULT ,HL-XPpY RCLDTXRAD 
4 9  MR AD 9 COT Q IN,  UNUM S, f W  I NO ,D I S T 1  
5T AD& Y 7 ICKv XXT TMT IC K 

MTWI N p  T G I  NO 9 01 S T 2  T MTGI N T 01 A 9 

C 
I F ( U N U M 5  oGTo 0.1 GO TO 200 
W R I T E  ( 6 9  1 1  T I M E , G A S T Q , V ( ~ )  

C 
C 

WRITE ( 6 9 2 1  GASCHKeGSRATEvV(NP1 
C 
C 

WRITE ( 6 1 3 1  
C 
C 

C 

2 0  3 

20 I 

2 10 

2 1  1 

RETURN 
CON T I N CIE 

X I J I =  X (  J )*O. 3 0 4 8  
DO 2 0 1  J = l p N  

T P (  J ) =  T P ( J ) / l i @  
T U P ( J  I =  T W P ( J ) / l o 8  
COYTINUE 
G P S =  G A S  * 0 . 4 5 3 5 4 2 4  
Q = 0 * l ( 3 5 4 o 3 5 0 3  
V ( l . 1  = V ( 1 )  * 0.3048 
GASCkiKz CASCHK * 0 0 4 5 3 5 9 2 4  
GSRATE= GSPATE * 0 0 4 5 3 5 5 2 4  
WRITE (69300)  T I Y E , G A S T O V V ( L )  
WRITE ( C ~ 3 0 5 1  GASCHKpGSRATEtV(NP) 
WRITE I t ~ 3 1 0 )  
W R I T e  ( e 9 3  11 1 ( X (  J )  TTWPf J 1 T T P (  J )  9 J=l r N )  
CO'VT INUE 

X ( J )  = X ( J ) / . 3 J 4 8  
no 2 1 1  J = l * N  

T P ( J )  = T P ( J 1  * 1.8 
T W P ( J )  = TWPIJ)  * l o 8  
COY T I N L E  
G P S  = C A S l . 4 5 3 5 5 2 4  
(3 = Q / 1 0 5 4 o 3 5 0 3  
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c 
c 
c 
1 

2 

3 

4 
300 

3 3 5  

3 10 

3 1  1 

V ( 1 )  = V ( 1 ) / . 3 C 4 A  
GATCHK = GASLHlc/ ,4535924 

h ET!JQ N 
G S P P T E  = GSPATE/ .4?35924  

FORVAT ( I H L / L H L I ~ H  T I M E  = F 6 0 2 9 9 H  SECONOSr5Xr17H GAS S U P P L I k C  = 
1 F 7 0 4 9 5 b  L R S I ~ X I ~ ~ H  HEAT TO WALL = F 8 o l p 5 H  R l U 1 5 X p 1 4 H  INLET Vk 
2L = F6.4, lOH FEET/SEC 

FORM4T ( l H K , l 6 X p 1 7 H  CHECK CN G A S  = F 7 0 3 9 5 H  L 6 S t 5 X 1 1 3 H  G A S  FL@H 
1= F7.49SH L B S / S E C , S X I ~ ~ H  OUTLET VEL = F 6 0 4 1 1 0 H  F E t i T / S t C )  

FOkYAT ( 1bKv 10H X, F E E T * Z X * l l H  WALL T ( R )  ,11H GbS T ( R )  9 7 x 1  1OH 
1 X v  FEETp2Xq f l H  WALL T ( R ) V l l H  G A S  T ( R I t 7 X r l O H  XI FEETIZX, 1 l H  
2 WALL T ( R ) , l l H  G A S  T ( R ) / l X )  

F'YRMAT 
F O R M A T  ( l H L / l P L p 9 H  T I M E  = F601,SH SfCONDS,5X,16H GAS SUPPLIED = 

lF7.41 SF KILOGkAM. 1X117H HEAT TC WALL = E 1 1 0 4  r 6 H  JOULE, 1x1 1 4 H  I N L  
2ET VEL = F6.4, lOH METER/SEC) 

FORMAT ( I H K p 1 6 X q 1 7 H  CHECK ON G A S  = F 7 0 3 1 4 H  K G I ~ X ~ ~ ~ H  G A S  FLOW = 

FORMAT ( 1 t K p  10). XI METER p l X 1 1 3 H  WALL TEMP-K r 1 4 H  GAS T E MP-K t 3X 
1, 10H X I  PETI-Rr 1 X t 1 3 H  W4LL TEMP-Kp14H G A S  TEYP-K I~X ,LOH XI ME 

( F 10 02, F 1 2 -  1.F 12.1 cF 17.2 I f 1 2 . 1 9 F 1 2  1 ,F 1 7  02 IF 12 .1  r F 1 2  1 )  

1 F7049Fb K G S / S E C ~ S X I ~ S H  O U T L t T  VEL = F 6 . 4 r l l H  M E T E R / S E C I  

2T ER I 1 X 1 ?P WALL TEMP-K 1 4H G A S  TEMP-K/1 X )  
FO?UAT 
END 

t F l o e  2, F 1 2 -  1,F 12.1 IF 17.2,F12.1 IF 12.1  IF 1 7 0 2 9 F L 2 . 1  r F 1 2 . 1 )  
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1 - Define f i r s t  
At ime 

Interpolate 

Calculate volume 

character ist ics 

i n i t i a l  condi t ion 

t 
Complete prob- 
lem identif ica- 
t i o n  and i n i t i a l  
calculations 

F ind  temperatures 
at new t i m e  

Interpolate \ 

I f  t ime  l i m i t  i s  
exceeded, back up. 

P r i nt results. 

I I 

factors 

Calculate 
velocity a t  
new t ime  

i 
Compute gas f low rate 

and 
total gas added 

Advance t h e  
interface o n e  

net point 

1 

Figure 3. -Logic diagram of expulsion program. 
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t r ies;  select net  
points and  t ime  

Path A Path B 

to wall and  

Make temperature 
convergence test 

gas temperatures J 

Error no t  
acceptable 

Con t i n u e  
i terat ion 

i 

I total added 1 \. ag n i t u d  e) 

Total gas P r i n t  velocities 

if end of 

F i r s t  l i m i t  

Opt ions: 
(1) Con t inue  program 
(2) Terminate 

Select t h e  same 
or new value 

Con t inue  

Figure 4. - Logic diagram of ramp program. 

84 



L 

I 

9 
I> 

- 1 5  ," I 
4 

r 

I 

I 

s- 
I> 

-5 
I> 

L 
N I I >- 

A 
c 

I> 

I,>- 
I 

VI 

c 0 

m 3 CT 
al 
)r 

3 
c 

c 0 U 

V c 

)r cn 
L 
al c al 

c 

c 0 

._ 
c 

c ._ 
._ - 

._ 

._ - 
E 

.a 

? 

0) c .- 
.- 
U 0 

al 

al 
L 3 

m 
L al cz 

al 

Ql 

- 

c 

E 
c 

.- 
3 
0 

5 
E 

m 

3 

m L 

._ 
V 

0 
Y 
- 
ui 
a, 
L 

3 cn 
Y 
.- 

NASA-Langley, 1974 E-76 54 85 


